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ABSTRACT

Primary brain calcification (PBC), also known as idiopathic brain calcification
or Fahr's disease, is a rare neurological condition that is characterized by calcium
phosphate deposits in the basal ganglia and adjacent areas, movement disorders,
headache and neuropsychiatric symptoms. It presents autosomic dominant inheritance
and it is associated with two inorganic phosphate transporter coding genes: SLC20A2
and XPR1. Two other genes related to the blood-brain barrier maintenance and integrity
are also linked to PBC, the platelet-derived growth factor-f and its receptor (PDGFB
and PDGFRB), although their roles in the formation mechanism of the calcifications is
not clear yet. For this study, besides the four genes above mentioned, other members of
the platelet-derived grown factor family (PDGFA, PDGFRA, PDGFC and PDGFD)
have also been selected as candidate genes, for which new primer pairs were designed.
All genes above were screened for new variants by Sanger sequencing in fifteen
Brazilian unrelated patients with brain calcifications. Sequence in silico analysis was
performed using CLC Main Workbench 6.9 software and online tools available in NCBI
and GOLDENPATH platforms, resulting in the identification of the first de novo
SLC20A2 mutation in a patient diagnosed with PBC (NM_006749.4:c.1158C>G;
NP_006740.1:p.Y386*). SLC20A2 is to-date the main gene associated with PBC, with
affecting-variants observed in ~50% cases. In order to find SLC20A2 deletions and/or
duplications not detected by sequencing, all Brazilian probands were screened by
QMPSF (Quantitative Multiplex PCR of Short fluorescent Fragments) and a duplication
of the terminal exon was found in a patient with brain calcifications and
hyperparatiroidism. Simultaneously, twenty-four French unrelated patients with PBC
were also analyzed by QMPSF and partial SLC20A2 deletions were detected in four
patients: two with deletion of the exon 2, where the start codon is located; one with
deletion of the exon 4; and one with deletion of exons 4 and 5. These results reinforce
SLC20A2 role as the main gene associated to PBC, as well as demonstrate that copy
number variation analyses, even when revealing only partial deletions or duplications of
a gene, are complementary to sequencing and work side by side in the search of genetic
variations involved in this disease.

Key-words: primary brain calcifications, Fahr's disease, sequencing, selection of
candidate genes, inorganic phosphate.



RESUMO

Introducdo: A calcificacdo cerebral priméaria (CCP), também conhecida como
calcificacdo idiopatica dos nucleos da base ou doenca de Fahr, é uma condigdo
neuroldgica caracterizada por depositos de fosfato de célcio dos nucleos da base e
regido de entorno, parkinsonismo e sintomas neuropsiquiatricos. Apresenta heranca
autossbmica dominante e € associada a dois genes codificantes de transportadores de
fosfato inorgéanico: o SLC20A2 e o XPR1. Dois outros genes relacionados a manutencao
e a integridade da barreira hemato-encefélica, o fator de crescimento plaquetario B e seu
receptor (PDGFB e PDGFRB), também foram associados a CCP, embora seus papeis
no mecanismo de formacdo das calcificacbes ainda ndo estejam claros. Materiais e
Meétodos: Além dos quatro genes acima, foram selecionados como candidatos outros
genes da familia dos fatores de crescimento plaquetario (PDGFA, PDGFRA, PDGFC e
PDGFD) e das protocaderinas (PCDH12), para os quais foram confeccionados pares de
primers utilizados no seu sequenciamento e para analise de variacdo de numero de
copia. Resultados e Discussdo: Quinze familias brasileiras com CCP foram triadas para
novas variantes nos genes candidatos por sequenciamento. A andlise in silico do
sequenciamento foi feita atraves do software CLC Combined Workbench versdo 6.9 e
das ferramentas disponiveis nas plataformas online do NCBI e do GOLDENPATH. A
partir dessa andlise, foi identificada em um probando a primeira mutacdo de novo do
SLC20A2, o principal gene associado a CCP (NM_006749.4:c.1158C>G;
NP_006740.1:p.Y386*). A fim de encontrar dele¢Ges e/ou duplicagbes do SLC20A2 nao
detectadas por sequenciamento, todos os probandos brasileiros com calcificaces
cerebrais foram triados através da técnica de QMPSF (do inglés, Quantitative Multiplex
PCR of Short fluorescent Fragments). Foi encontrada uma duplicacdo do exon terminal
do mesmo gene em um paciente brasileiro com calcificacbes cerebrais e
hiperparatireoidismo. Simultaneamente, foram identificadas delecdes parciais no
mesmo gene em quatro familias francesas com CCP. Conclusfes: Esses resultados
reafirmam o SLC20A2 como o principal gene associado a CCP, bem como demonstram
que analises de variacdo de numero de copia (CNV), ainda que parciais, sdo
complementares ao sequenciamento na busca por variantes genéticas relacionadas a esta
doenca.

Palavras chaves: Calcificacdes cerebrais primarias, Doenca de Fahr, Sequenciamento,

Selecdo de Genes Candidatos, Fosfato inorgéanico.
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1. INTRODUCTION

Primary Brain Calcification (PBC), also known as Fahr’s Disease, is a rare
condition characterized by bilateral calcifications in the Brain with an autosomal
dominant pattern of heritance. According to Legati et al. (2015), "PFBC symptoms
typically occur after the age of 40, with progressive neuropsychiatric and movement
disorders, although some individuals may remain asymptomatic.” Several publications
have reported mutations at the SLC20A2 gene, which seems to be responsible for ~50%
of the families with this disease. This gene encodes for an inorganic phosphate
transporter (PiT-2), a transmembrane protein with varied expression in several tissues,
that performs a housekeeping function in Pi homeostasis. Recently, PBC was also
associated to another inorganic phosphate transporter coding gene, XPR1, which is the
first inorganic phosphate exporter to be reported in metazoans. The other two PBC
genes are PDGFp and its receptor PDGFRf, both involved in the maintenance of the
blood-brain barrier.

With the intention to avoid redundancies and thereby make the reading
experience of this thesis more fluid, the structure of the manuscript here presented was
elaborated in order to integrate the doctorate candidate's published scientific production
with the remaining results found during this work.

The bibliographic review was replaced by the author's published book chapter
"An update on Primary Familial Brain Calcification” of International Review of
Neurobiology's special volume 110: "Metal Related Neurodegenerative Disease”. The
following section, "Material and Methods"”, presents the mostly used experimental
procedures which were not described in later sections correspondent to a scientific
article. Next in order, there are sections of the respective three published scientific
articles and the section "General Results and Discussion”, where results that have not
already been published or submitted to publication are discussed, followed by a final

"Conclusions" section.

1.1. PROBLEMATIZATION

It is estimated that approximately 1% of computed tomography (CT) scans
present signals of calcium phosphate deposits in the basal ganglia region, including

physiological calcifications consequential to ageing observed in older patients.
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However, when found in individuals younger than 40 years old, basal ganglia
calcifications are usually considered pathological and it is imperative to determine its
cause. Usually the diagnosis is done by exclusion, which has been challenging because
the neuroimaging finding is frequently associated with heterogeneous symptoms whose
could be secondary to a number of conditions, such as infections, hormonal disorders
and neurodegenerative syndromes.

When apparently no previous condition can be identified, the calcifications are
considered idiopathic or primary. Since 2012, four genes have been associated with
primary brain calcifications (PBCs), allowing faster and more accurate diagnosis by
genetic screening and giving support to elucidate the molecular mechanisms of
calcification formation. The analyses performed in this thesis can aid the diagnosis of
patients not only by the screening of this four genes, but also by the possible
identification of PBC new candidate genes. Moreover, a better comprehension of the
genetic and molecular bases of PBC is fundamental for the future development of new

treatments for this disease.

1.2. OBJECTIVES

1.2.1. General objective

To identify the genetic bases of PBC and to screen candidate genetic variants by

sequencing analyses.

1.2.2. Specific objectives

e To screen by Sanger sequencing variants of the PBC-associated genes SLC20A2,
XPR1, PDGFB and PDGFRB in genomic DNA samples of Brazilian patients
with brain calcifications;

e To search by Sanger sequencing new candidate genes, mainly the other members
of the platelet-derived growth factor family, PDGFRA, PDGFA, PDGFC and
PDGFD, as well as PCDH12;

e To verify, by bioinformatic prediction tools, the biological consequences of
variants found by sequencing;

e To validate the detected mutations which are rare or new and which have been

predicted by bioinformatic as affecting gene function.
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1.3. BIBLIOGRAPHIC REVIEW

Chapter: "An Update on Primary Familial Brain Calcification”. In: International Review
of Neurobiology, vol. 110 - Metal Related Neurodegenerative Disease, p. 349-371,
2013. doi: 10.1016/B978-0-12-410502-7.00015-6.
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Abstract

Patients with primary familial brain calcifications (PFRC) present bilateral calcifications,
often affecting basal ganglia, thalarnus, and cerebellurm, inherited in an autosomal dom
inant pattern of segregation. Affected individuals display a wide wvariety of motor and
cognitive impairments such as parkinsonism, dystonia, migraine, dementia, psychosis,
and mood symptoms. Waorldwide growth in the availabiliny of neuroimaging proce-
dures, combined with careful screening of patients and their relatives, has increased
detection of FFBC. Recently, mutations in the 5LCA0AZ gene coding for the inorganic
phosphate transparter PiT2 wera linked o PFRC, thereby implicating impaired phos-
phate transpaort as an underlying disease meachanism, To date, arourd 20 families of var
ious ethrcities carry different mutations in S04 cormalate with ~40% of PFBC cases
Mare recently, two French families were recently reported with mutations in POGFRE:
I3 T =0 plesdP and C.2959C =T, pRATW, a class Il tyrosine kinase receptor. Six
other families were found with mutations in POGFS, and, in general, mutations at
the POGF pothwaoy add a new dimension to the physiopathology of PFBC so far
explained by a disturbance in phosphate homeostasis with 50C2042, The identification
of SLC2042, POGERE, and POGFE provides a new avenue for potential treatments based
on compaounds such as bisphosphoenates and those modulating the PDGRE pathway

Tntermational Beviee of Searobiology, Voalume 110 2013 Ebevier Inc 149
IS5M T 4-T742 All mghas reserved
bt e ddon. o L LR A/ BT R-0-1 241 054027 (0001 5-6
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1. INTRODUCTION

Ectopic calcifications are often damaging in soft assucs such as vessels,
heart valves, lungs, kidney, and brain. Thas 1s often taken for granted as an
age-dependent process, but recent data suggest that a mynad of moelecules
might modulate this process in an active fashion (Nitschke & Rutsch, 2012).

Brain calaficaton (BC) 15 a nonspecific neuropathology often associated
with various chronic and acute brain disorders including Down’s syndrome,
Lewy body disease, Alzheimer's disease, Parkinson’s disease, vascular dementia,
brain tumors, and various endocrinologic conditons (Oliveira, 2011).

The pathology of BC 15 based upon calcium and other mineral deposts
in blood vessel walls and tissue parenchyma causing neuronal death and
ghosis, Caleification (mineralization) may be tnggered by metabohic and
inflammarory disorders, but it is also controlled by genetic predisposition.
[t has been suggested that deposits are not the source of the symptoms
but rather a sign of progressive underlying tissue damage (Sobrido,
Copolla, Ohverra, Hopter, & Geschwind, 201 3),

Vascular, as well as brain parenchymal, calcification 1s found in the basal
gangha and other brain areas mcluding the cerebellum, thalamus, and brain
stem. Patients presenting such calcifications display a wide variety of motor
and cognitive impairments, such as parkinsomsm, dystonia, dementa, psy-
chosis, and mood symptoms. Some individuals may be symprom-free,
despite extensive signs of calcificanion; however, studies measuring the total
volume of calcification suggest that there are far more deposits in symprom-
atic relative to asympromatic subjects. Indeed, this often leads o mis-
diagnosis (Manyam, 2005).

Diespite the different edologies, BCs often present a similar composition,
that 15, an amalgam of hydroxyapatite with a major content of calcium phos-
phate, Electron miucroscopy suggests that an initial smidus 5 caleified, with a
progressive inerease i volume and area affected. In some cases, the calcifi-
cation is self-limited in terms of growth and expansion, and some authors
suggest that this process starts with neuronal matochondna (Maetzler
et al., 2009}, Caleium deposits found in both human brain and animal
models of nevrodegeneranion have a crystallime structure composed of bio-
logical hydroxyapatites similar to those in peripheral nssues. On the other
hand, nonatherosclerotic caleium deposies present in vascular dementia,
Alzheimer's disease, Parkinson’s disease, Lewy body disease, epilepsy, and
astrocytoma are very similar, despite the pathology (Honda et al,, 1994,

13
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Khan & Hackert, 1986; Kim, 1995, Mahy, Pras, Riveros, Andre’s, &
Bernal, 1999; Rodriguez, Bernal, Andrés, Malpesa, & Mahy, 2000).

Several different imaging procedures can be used to detect BC, and even
traditonal head radiography can show anomalies associated wath calaifica-
ton through the skull in advanced cases. Computerized tomography
(CT) 15 the most appropriate neurommagimg techmque to detect BC with
studies in different populations (controls, affected, young, and senior) show-
ing that 1ts prevalence rate ranges from 1% to 20%, in an age-dependant pat-
tern {Forstl, Krumm, Eden, & Kohlmeyer, 1992; Yamada er al., 2012},

Sporadic cases are reported more often than ever, with the growing
availability of neuroimaging exams, suggesting that this phenotype is more
CAFTTINTREAT] t]'lql,]'l PT{"‘,”U'I.]\]}I El'ﬁh'l.]"'lﬂ,'d I::l:-:ﬂl'l.#,'l'l'ﬂ I?:I,. H[k‘illbl.'l'l;';, EII.HI:L Hdb.:ll
Broderick, Uitti, Hutton, and Wszolek (2005) revised the most frequent
farmhal forms of BC, including conditions with calcium, phosphorus, and
parathormone disturbances according to familial forms of isolated hypopara-
thyroidism, autoimmune polyglandular syndrome, and pseudohypoparathy-
roidism. However, there are also a number of conditions where there are no
obvious metabolic or hormonal changes, thar is, Adicardi—Gourtieres syndrome,
Cockayne syndrome, polycystic lipomembranous osteodysplasia with sclerosing
leukoencephalopathy, autosomal dominant chromosome instability syndrome,
Krabbe disease, mitochondnal myopathy, encephalopathy, and lactic acidosis.

For diagnosis, a thorough analysis should be done for parathyroid hormone
levelsin serum as well as for calenum, and phosphorous (including an Ellsworth
Howard test to measure serum and urinary phosphorus after intravenous
admumistration of parathyroid extrac, testing for pseudohypoparathyroidism).
Additional analysis of serum electrolytes, thyroid and growth hormone,
sechmentation rate, renal and hver function tests, cortisol, ceruloplasmin levels,
and viral markers should be performed (Oliverra, 20113,

Orther examinations including karvotype, muscle bopsy, and mutaton
screens will be required in some rare condidons such as mitochondrial
encephalomyopathy, stroke-like symptoms, lactic acidosis, or other generic
disorders such as Down’s syndrome (Sobrido et al., 2013). Several of these
condimons manifest themselves with caloificadions in various sites, with addi-
tional metabolic disturbances. In these instances, the brain is affected not as a
primarily organ but as a secondary target. Some authors have tried to find pat-
terns of calcification by neuroimaging phenotypes and comparing different
intracranial caleification disorders. For example, Livingston, Stuvaros, van
der Knaap, and Crow (201 3) suggested a classification based on the following
categories considering the most affected structures: probable destructive

14
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mechanism; calcification associated with polymicrogyria; familial calcification
with mvolvement of the globus pallidus, posterior lumb of the internal capsule,
genu of the corpus callosum, and deep white matter; and dominant famalial
calcificanon “Fahr's disease.” However, the authors admit the lnmitations of
such an approach as there are considerable variations in standard procedures
and heterogeneous data analysis approaches for neuroimagmg protocols. In
addition, the authors recognize that this study is biased due to a set of scans
sent to the coauthors for a diagnostc opimon that was nonblinded. The
authors are currently seeking to improve confidence through the inclusion
ufad{li[_ir_‘rna] 'd.i“jﬂ i {Il'IU'I-F.'. ir'l'l.i]‘_l-_';l."ﬁ U'l- pi‘ll.i[.':"‘l?i '\.’iril]-l .i_l]'!d '\.\rilhﬂu.l, k"l’_}'ﬁ.’" E_I'i.i_lg—
nosis). Howewver, it 1s unlikely that a specific pattern could be found as we
U'I-Ll.'" OO 'I.l'.él.ria‘l.'iUT]ﬁ '\.'-"il_l'l'i" Ell'l'll“lllﬂ?«._ LTI 't"i".“,h.l" Lhﬂ sArnd gl._'"[.'.]'jlliﬂ". (:}"
the other hand, our group reported a small family with idenncal ewins affected
by BC and wath a noteworthy, almost wdentical pattern of calcification, ana-
tomical distribution, and predicted volume {Oliveira, Lima, & Zatz, 2009).
Cunously, the brain appears to be prone to calaheation, even m conditions
where there is no associated cause (often referred as Fahr's disease “idio

pathic”). This 15 why it s important to understand this condinon in a model
such as primary familial brain calcificanon (PFBC), where the first associated
genes were recently identified {Oliveira, Oliverra, Lemos, & Oliveira, 20009).

2. PRIMARY FAMILIAL BRAIN CALCIFICATION

The term primary familial brain caldification was recently suggested by
Sobrido et al. (2013), after considering the previous terms (Fahr's disease
or famihal wdhopathic basal gangha calaificanion) obsolete, Firstly, there are
now clear genetic culprits, and secondly, calcifications can also appear in
other bramn regons. However, the basal gangha sall seems to be a more fre-
quently affected brain region. Diagnosis of PFBC is based on clinical history,
neurommaging analyas, and complementary exams to test for bhochemcal
abnormalities, infections, toxicity, and other causes (Ellie, Julien, &
Ferrer, 1989; Manyam, 2005; Moskowitz, Winickoff, & Heinz, 1971).

Diefining affected individuals is challenging due to heterogeneiry in clin-
1cal presentation, age-dependent penetrance, and the fact that many asyimp-
tomatic individuals have positive CTs. Thus, we defined affected individuals
as those with positive CTs as previously descnbed (Oliveira et al., 2004
Sobrido et al., 201 3; Sobrido & Geschwind, 2001). Biochemical investiga-
tion should be performed in at least one affected mdividual per famly to rule
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out abnormalities of calcium regulation and metabolic disorders such as
pseudohypoparathyroidism that could underhe brain calcifications. Those
with negative CTs who are over the age of 50 are defined as unaffected,
whereas those at earher ages are classihed as unknown because of the age-
dependent penetrance for calcium deposits {Geschwind, Loginov, &
Stern, 1999),

In this chapter, we will focus on the recent genetic finds associated

with PFBC.

3. INHERITANCE PATTERNS AND GENES LINKED
TO PFBC

Most families reported with PFBC present an autosomal dominant
PélLl{:n] E_JI_ :'-.l.'.gn;g.;lliun Wll_h UT]I}" il ﬁ,‘“.f L1lldﬂ,‘{j rl.‘Pq_:Tl,l.:d 1-'||l"i|..|_.| r|.‘£_':.‘:'iﬁi\-'4..‘
inheritance. Several other families have been described more recently,
and the hist grows as neuroimaging procedures become more widely aval-
able, allowing screening of patient’s relatives {Baba et al., 2005; Brodaty
et al,, 2002 D et al,, 2000: Geschwand et al., 1999 Lhatoo, Perunovic,
Love, Houlden, & Campbell, 2003; Olveira et al., 2003, 2004; Volpato
er al, 2009 Wszolek er al., 2006).

Recently, mutations in the SLC2(A42 gene coding for the inorganic
phosphate transporter PiT2 were linked to PFBC, thereby implicating
impaired phosphate transport as an underlying  discase  mechanism
(Wang et al., 2012), SLC20A2, located on chromosome 8, was nitally
wdentified as a retrovirus receptor (Kavanaugh & Kabar, 1996}, Expression
of SLC20A2 occurs in several tissues im:lurling bone, vascular smooth
muscle cells, parathyrond glands, kidney, mtestine, and bramn, performing
a housekeeping function in inorganic phosphate (P} homeostasis
(Bottger & Pedersen, 2011; Villa-Bellosta et al., 2009; Villa-Bellosta &
Sorribas, 20110).

Bottger and Pedersen (2002) reported that p. E575K (a region contaiming
a highly conserved glutamate residue) is critical for P; transport activity of
PiT2, Intmgmngly, an independent study later demonstrated this same
region contained a number of mutations in PFBC patents (Wang et al.,
2012}, These same mutations were mserted into Xenopus oocytes, resulting
in impaired inorganic phosphate uptake. This suggests that these mutations
may be associated with haploinsufficiency  rather than by encoding
dominant-negative activites (Wang etal., 2012). To date, around 20 families
of various ethnicities have been reported to possess different mutations in

16



354 Robsrta B Lemnos =t al.

SLC20A2, and this gene is associated with ~40% of PFBC cases (Hsu et al.,
2013; Lemos, Olverra, & Oliveira, 2013; Nicolas et al., 2013; Schottlacnder
et al,, 2012; Zhang, Guo, & Wua, 2013).

Mutations in SLC 2004 2 have been reported as missense, frameshift, dele-
tion, nonsense, synonymous, and in splice site. These rare mutations have
not yet been histed in databases of genetic variations such as Exome Varation
Analyzer (EVA), dbSNP, 1000 Genomes, Exome Sequencing Project
(ESP), or HapMap. In slice analysis using PolyPhen-2, SIFT, [-mutation,
and Human Splicing Finder predicts most of these mutations to be delete-
rious { Table 15.1).

Hsu et al. (2013) examined a large cohort of PFBC families in 218
patents from 29 PFBC fanulics with mutatons accounting for 41% (or
12 out of 29 of the cases). Interestingly, nine out of the 14 mutations were
predicted to introduce a stop codon, pointing also to haplomsufficiency as a
mechanism (Hsu et al., 2013). Other mutations in SLC20A42 were also seen
i individuals from nuclear families or unrelated individuals (Lemos e al,
201 3; Nicolas et al., 2013).

Importantly, Zhang et al. (2013) assessed the relanve expression of
SLC20A2 transcripts by using qRT-PCR in PFBC patients. The deletion
of ¢.510delA (within SLC2042) produced a truncated PiT2 protein with a
premature termination codon. This resulted 1 a reduction in SLC20A42
mRNA expression (~30%) in dssues from affected individuals relative to
ological controls {Zhang et al., 201 3). Despite these interesting findings,
a deeper understanding of the relationship between clinical expression, find-
ings of calcifications, and genetic mutations in PFBC needs to be estabhished.
So far, no obvious genotype—phenotype correlation in study families with
SLC20A2 mutations has been observed. Phosphate imbalance has been
associated with wascular calcification i vive (Block, Hulbert-Shearon,
Levin, & Port, 1998). In addition, cultunng cells in the presence of increas-
ing concentrations of P, leads to calcium deposition in a dose-dependent
fashion {Giachelh, 2003),

The mechanism that underlies Pi-mediated plaque formartion is relatively
poorly understood. However, it has been reported thar high P levels activare
the transcription factor cbfal leading to induction of osteogenic markers
{Grachelli et al., 200,

Curtously, mutations have also been screened in the SLCZ0A1 gene,
but, as vet, none have been confirmed. SLC20A T deletion i a transgenic
mouse model is lethal during embryonic development (Beck et al | 2010),
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suggesting that mutations in SLC20A4 1 might be too deleterious and incom-
patible with embryonic survival.

Recently, Micolas et al. {20013} reported two French families with mura-
tons i PDGERE: ¢ 1973 T >C, p.L658P and c.2959C =T, p. R9BTW
(Micolas et al., 2013). PDCGFRB s a class 11 TK recepror, localized on chro-
mosome 5 Mutations in PDGFRB add a new dimension to the pathophys-
iology of PFBC, so far explained by a disturbance in phosphate homeostasis.
Both PDGEFRB mutations cause amino acid substitutions m the mtracellular
domain of PDGFRE, one of them affecting a conserved residue in the kinase
domam. Six other families were recently found wath mutations in PDGEB,
but the functional consequences of these mutations, however, are not cur-
rently understood (Keller ecal., 2013), The PDGEBR pathway s involved in
many mechanisms including angiogenesis, pericyte survival, and blood-
brain barnier (BBE) maintenance, Previous studies have demonstrated that
anglogenesis might be crucial to the formation of calcifications and that both
processes might act in an adjuvant pathway (Table 15,1},

As a critical regulator of the BBB, mutation of PDGFR B key to homeo
stasis 1 the central nervous system (CNS) (Daneman, Zhou, Kebede, &
Barres, 2011)). The mability to regulate and control the cellular environment
in the CNS might represent an important step in the understanding of PFBC.
Further, leakage of fluid denved from plasma through the vaseular wall and
into the CNS may be a factor leading to tssue damage and resulting in pro-
gressive calcinosis. This mechanism has been considered for a long time, based
on neuroimaging and metabolic studies in idiopathic and nonidiopathic causes
of BCs (Baba et al., 2005), Indeed, BBB integnty has been imphcated m sev-
eral neurodegenerative conditions including amyotrophic lateral sclerosis
(Garbuzova-Davis et al, 2007), Alzheimer’s disease (Zipser et al., 2007),
and Parkinson’s disease (Kortekaas et al., 2005). However, whether BBB dys-
function 1< a causative factor i these cases 15 a matter of debate. In the case of
PFBC, why loss of BBB integrity would lead to preferential calcification of
specific brain regrons, that 1s, basal ganghia and not others remains to be deter-
mined. However, certain regions of the brain are more susceptible to noxious
stimuli, for example, CAl pyranudal neurons of the hippocampus are less
resibient to stroke (Smith, Auer, & Siesjo, 1984).

Intriguingly, Giachells et al, (20000 reported that PDDGE-BB, the prefer-
ential PDGFREB higand, can modulate the maximum veloaty of P, uptake by
the phosphate transporter PiT1 (SLC20A1 protein product). This finding
provides a possible link between the two genes currently implicated in
the pathophvsiology of PFBC.

20



358 Robsrta B Lemnos =t al.

Orher rare disorders with vascular ealeification such as generalized arte-
nal calcification of nfancy, pseudoxanthoma elasticum, and calcification of
joints and arteries are linked to mutations in ENPP{, ABC(C#6, and NT3E,
respectively (Nitschke & Rouesch, 2002}, These nught also represent addi-
tional candidate genes for PFBC, especially if we consider that, so far, the
two genes linked to PFBC correspond to ~50% of all famihies studied so
far. The unveiling of PFBC neurogenetics might also help to understand
other neuropsychiatrie conditions with similar chimical outeome,

4. PENETRANCE AND BCs

The study of asympromanc individuals with extensive bran caleifica-
tion suggests that the concept of penetrance can be understood in reladon to
br.‘_lill .ll."h'IUT'l.\,"ﬁ {“fh:,‘r:.‘ il LhT[,'th]d ﬁ_}r L]-li,' :III.:LIIH-L':-I,..,II,1:_:T1 U'I-II'IL' T'l'll_.l.'_.;ll‘iUT] WILI'I
formation of calcifications can be observed).

Despite extensive caleifications in some ohigosymptomatic and mld
cases, the apparent funcoonality of affected brain structures 15 remarkably
efficient, suggesting an mtrnsic reslience mechanism and also a threshold
for triggering the symptoms. A previous study suggested that it 18 necessary
to consider twao levels of penetrance in PFBC: the penetrance for the calci-
ficaton formations and the penetrance for the climical manifestation
(Oliveira, Lima, & Zatz. 2000}, Curiously, a resilience mechanism modu-
lated by the cercbellum has been recenty considered in dystomia. Neu-
rogenetics is a specialty full of such examples, and the advent of imaging
studies in association with genetic testing in famihal dystoma allowed visu-
alization of significant changes in the brains of asymptomaric carriers of
mutations in the DYTT gene. The ssue of differennal levels of penetrance
has already been addressed in other movement disorders such as primary tor-
sion disease (PTD) and Huntington disease (HD) (Argyvelan et al, 2009;
Eidelberg, 2009; Kemprton et al., 2009).

In our previous hinkage study, we analyzed the rano between symprom-
atic and asymptomaric individuals among patients with familial calcifications
in the basal gangha, showing that only 28 patienes were climcally affected out
of 47 patents with calcifications {Oliveira er al., 2004}, This finding rein-
forces the surpnsing resthence to this type of bramn wgury. Whale both
HD and PTD are characterized by autosomal dominant inheritance, they
also present with varable penetrance. Compared with the HIY carmer state,
only a minority of mutated dystonia gene carriers ever develops clinical
symptoms, Abnormal metabolic findings in the brams of asympromatic
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carriers show that our definition of genetic penetrance may be flawed when
dealing with hereditable movement disorders with probable neuronmaging
endophenotypes (Argyelan et al., 2009; Eidelberg, 2009).

The fact that such extensive calcified regions may remam asymptomatic
over several decades reveals a singular mechanism of behavioral compensa-
fon against progressive calcinosis, suggesting continuous resilience and
degeneracy of multiple neural systems (Moppeney, Friston, & Price, 2004,

The study of new families will be crucial to confirm current reports, but
the discovery of actual genes responsible for PFBC will be the ultimate find-
g to establish the molecular basis of such mtngung phenotypes.

5. PENDING CANDIDATE LOCI AND OTHER RISK
FACTORS

Previously, several candidate genetic regions have been suggested as
being associated with the PFBC phenotype. However, at least one of them,
such as the IBGCT locus on chromosome 14, was recently revised and linked
to mutations in SLC20A2 (Hsu et al., 2013; Wang et al., 2012).

The firstlocus linked to this condition (TBGCT) was Jocalized on the long arm
of chromosome 14 {Geschwind er al | 19949}, The first screening for possible
mutatons identified a heterozygous vananon (r36060072) ac the MGEA#&/
CTAGES gene, potentally pathogenic, present in all affected individuals of a
large American pedigree and absent in controls (Oliveira et al., 2007). This mis-
sense substitution at exon 20 leads to prohne to alamne substitution at posinon
521 (P321A). Exon 20 of the MGEAS gene is commonly spliced, generating
the soform MGEA 11, also expressed m the bramn (Usener et al., 2003), Consid-
ering that the population frequency of a given variation is an indirect indicator of
potential pathogematy, we screened a control population and found two samples
heterozygous for P321 A among 174, bringing the minor allelic frequency (MAF)
of this single nucleotide polymorphism (SNP) to 0.0058.

We recently screened 200 chromosomes in a random control set of Bra-
zilian samples and 1 two nuclear fanulies, comparing with our previous
analysis in a US population. Our genetc screen found no P521A carners,
and poohng this data together with previous studies in the Umited States,
we now have a MAF of 0.0036 (Lemos, Ohveira, Zatz, & Olivera,
2001}, The exon 20 SNP should be considered a rare variation based on
the study of Freudenberg-Hua et al. (20003) who analyzed 65 candidate genes
for CNS disorders and concluded that rare SNPs have MAF <005,
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Compurer-based modeling is often used to simulate pathogenicity of
genetic mutations. However, the lack of protein data, including crystallog-
raphy and structural modeling in the case of MGEA#, limis the strength of
such simulanons

Proline residues play an important role in the structure and function of
various proteins, The insertion of an alanine (a nonpolar side-chamn amimo
acid) is likely to have significant implications to the tertiary and quaternary
structure of this protein {Macias et al., 1996; Macias, Wiesner, & Sudol,
2002; Sansom & Weinstein, 2000). In addition, we performed analyses
through bioinformatics programs to predict the pathogenicity of such var-
iations, which provided conflicting findings (Lemos et al., 2011).

Several aspects make MGEA®G a great candidate for PFBC. MGEA6 15 a
coil-coiled protein with a proline-rich region expressed in several tssues
including brain, This type of proline-rich “signature™ 15 related to regulatory
pathways, through interaction with domains of other proteins that have
affimiry for sequences rich in prolines, namely, the Sre homology 3 (SH3)
and tryptophan-rich domamns (WW). These are involved i a wide variety
of cellular activities such as growth, cell cyele, ranscription, synaptic signal-
ing, and cell motility (Comtesse et al., 2002; Sudol et al., 2001; Zarrinpar
et al., 2003). MGEAG is also highly expressed in meningioma, the most
common benign brain tumor that often presents caleifications visible in neu-
roimaging studies, especially CTs (Comitesse eral., 2002; Comiesse, Roeus, &
Meese, 2001; Usener et al., 2003). Another interesing molecular overlap
berween meningiomas and bone-related protems s seen in a study by
Hirota et al. (1995), Hirota et al. (1993) suggested a possible imvolvement
of osteopontin in the development of psammoma bodies, which are micro-
scopic, calafied, extracellular bodies commonly found in memngioma.

Previous preliminary linkage studies performed by our group have
highlighted other candidate regions. A 10cM genome-wide scan was per-
formed in four families with a rotal of 47 subjects wsing an ABI MD
10 marker panel. An addinonal family with 14 more subjects 15 stll under
analysis.

The largest single-poine LOD score was observed on chromosome 7
with a LOD score of 3.023 at marker D75519 in the FB2 family (10
affected). The manimal mterval debined by haplotype analysis 15 between
the markers D75484 and D75506, spanning about 20cM. Three smaller
farmlies, with a total of 16 affected, had a maxaimum multipoint LOLY score
of 3.487 on chromosome 9 at a position roughly midway between D98157
and 295171, Haplorype analysis shows that these families share a common
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region around 16cM berween the markers D95171 and D9S1817 (Oliveira
et al., 2003). These results reinforce preliminary studies demonstrating
genetic heterogeneity in PFBC and report two potential new candidate
regons, one of them shared by three famihes. Addinonal fine-mappimg
analysis, SNP penotyping, and exome analysis will confirm further
mutations.

Comparing the regions from three chromosomes linked by our group to
PFBC (7,9, and 14}, we reahized that some genes could be grouped based on
a similar biochemical role. Linkage studies by Wazolek er al. (2006}, in a
large kindred with autosomal dominant dystonia and brain calcification,
listed different regions of chromosomes 8 and 9 as PFBC-associated loci.

Additonally, Volpato et al. (2009) reported loct on chromosome 2,
identifying several genes related to calcium metabolism located in 2q37, such
as INPPS and EFHIM inca South Tyrolean family, Curiously, two families
with Fried syndrome {X-linked mental retardation with hydrocephalus and
calcifications in basal ganghia) have been reported in France and Scotland and
bearing AP152 mutations {Saillour et al., 2007},

The continuing research suggests more PFBC gene candidates might be
located on chromosomes 2, 7, 8, and 9 demonstrating the genetic hetero-
geneity of this disease (Oliveira & Lemos, 2008, Oliveira, Lima, & Zarz,
2009; Oliverra et al., 2007; Volpato et al., 2009),

With the growing report of incidental findings of patients with PFBC
(Ohveira & Stemberg, 2010}, there is also a high chance that more families
will be reported in the near future and with new mutations at SLC2(0A42,
PGEREB, PDGER, or in other genes,

Recently, Da Silva, Pereira, and Oliveira (2013) described the gene
expression pattern across the whole bramn for SLC20A2 vang the Allen Insti-
tute Human Brain Atlas database. Microarray analysis provided evidence
that the neuroanatomical pattern of expression for this gene 15 highest in
regions most commonly affected in PFBC. The following genes demon-
strated high correlation with SLC20A42 expression: PCDH12, RHOBTB2,
FLJ43860, VAMPI, EPB41L3, AGPATY, NEFH, PVALB, CDR2L,
EMC10, and SCNIB. On the other hand, the following genes (anti-
correlated) presented an “inverted” pattern of expression compared with
SLC20A2: FAMI7IB, GABREI, CDH4, GABRAZ, PNCK, MYH7,
RBP4, SCN3B, Clog173, ACTNI, MMD, LPPR3, Clorf194, FRRSIL,
PKIA, and LMO3. These genes hikely pomnt to a molecular network with
potential to explain the relatively localized neurcanatomical distribution
of caleifications in PFBC.

24



362 Robsrta B Lemnos =t al.

6. MODELING BCs

The most common animal models tor BCs include knockouts, chem-
wally induced calcification, or aged amimals without any genetic or chem-
iwcally interventions. The major challenge 1s to find a model that can actually
present the calcifications spontaneously withour an external triggering agent.

Previous reports of basal gangha calcificanon m aged animals show cere-
bral mineralization in horses, carde, monkeys, and aged dogs, with cognitve
deficits together with histological alterations resembhing those of Alzheimer's
disease (Gavier-Widen, Wells, Simmons, Wilesmith, & Ryan, 2001;
Petegmef et al., 1999; Ramonet et al., 2002; Towhgh, Yager, Housman, &
Vannucer, 199%; Yanm et al., 1996, 1994 Yaan et al., 1997 Yasul, Yano,
Tsuda, & Ota, 1991),

Calcium precipitation is part of the ongoing degenerative process in
rodent brams and can be induced by microinjection of glutamate agonists
such as ibotenic acid (IBO) or quisqualate (QUIS). Calcinosis is mainly
composed of calcium and phosphorous amalgamate 1 a hydroxvapante like
composition (Bernal, Saura, Ojuel, & Mahy, 2000; Rodriguez et al., 2000);
Rodrigues, [’11g_]i-t'.~.r, & Ma]:y, 1999 2009 [{nclﬁp:rh R.obleda,
Andrade, & Mahy, 2005; Saura, Boatell, Bendahan, & Mahy, 1995). As a
result of calaihication, evtoplasmic calcium 1ons precipatate as sohd, sphencal
concretions that grow progressively in size and number (Mahy et al., 1999),
Similarly, hydroxyaluminosilicates have also been observed in Alzheimer’s
disease and Parkinson's disease (Birchall, 1992; Dowe, Heitzman, &
Larkin, 1992; Dusart, Marty, & Peschanski, 1991; Ellie et al., 1989;
Hohmann, Wenk, Lowenstein, Brown, & Coyle, 1987; Mahy et al.,
1999, There 1s a marked tendency of large deposits to develop into a spher-
ical shape, and the presence of templates over which supercntical nuclel can
be formed 15 also an important contributor to this mechanism. However,
pathological analysis using electron microscopy shows that such aggregates
undergo structural modifications over time, suggesting also that the aggre-
zation per s¢ might not be the main cause but rather a result of the neuronal
damage process.

Conversely, other studies support the theory that such aggregates might
have a protective effect, avoiding additional free Ca™ (Maetzler er al.,
20097, After microimnjection of glutamare agonists, extensive analysis demon-
strated a limited neuronal loss and a normal morphology of oligodendrocytes
in rats, with good preservatnon of cytoplasm and processes. Reactive
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astrocytes and neurons frequently presented cytoplasmic, needle-shaped
calcium deposits on a matrix close to cellular organelles, such as mitochon-
dria, microtubules, or vesicles. Large extracellular deposits were surrounded
by reacove macrogha in a phagocyte-hke process. Their formanon does not
depend on the glutamate receptor subtype initally stmulated. However,
their size, number and distnbution vary not only by excitotoxin but also
by the location within the CNS. For example, the development of calcium
deposits over time n rats with lesions induced i basal gangha was more
pronounced in lesions induced by IBO than with QUIS (Mahy et al.,
1995, 1999,

A study with transgenic mice expressing the calcium binding protein
parvalbumin in newrons showed that excitotoxicity with THO accelerated
the calcification process. It 1s also demonstrated that mitochondria may be
the 1mual structure involved i triggering calcium deposits, leading to the
hypothesis that these processes may be causative in the normally aging brain
and 1in neurodegeneration (Maetzler et al., 2009),

The intracellular mucopolysacchandes shown i human and rodent cal
cification play an important role as modulators for mineralizaton (Adachi &
Volk, 1968; Beall, Patten, Mallette, & Jankowvic, 19849). It has been postu-
lated that hydroxyapatite formation with further reductions in free Ca’ "
would take place as an alternative homeostatic step to reduce excitotoxicicy
(Raamonet et al., 2002),

Maetzler et al. (2010 studied knockout osteopontin mice and demon-
strated an exacerbated co-occurrence of progressive secondary neu-
rodegeneration and mmcrocalaficaion mduced by ibotenate, another
glutamate analog. The authors suggested that osteopontin could have a pro-
tective role m this process,

Other alternative models were investigated by Lammie et al. (2005)
who charactenzed basal gangha caleification i BB/E rats wath diabetes.
Alternatively, thalamic calcification in vitamin D recepror knockourt mice
was detected and represents another potental target; however, patients
with PFBC, by definition, show no vitamin D disturbances (Kalueff
et al., 2006),

More recently, Jensen et al. (2013) showed that homozygous mice for
the knockout cassette, L1L2-PGE-P, mserted after exon 2 and flanking
exon 3 at the Slc20a2 gene, present calcifications in the thalamus, basal gang-
lia, and other bran regions, compatble with PFBC, demonstrating that
reduced P1T2 expression causes BCs. This 15 the firse Sle20a2 knockout
reported as a mode] for loss-of-function mutations, associated with BCs.
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Moare recently, Keller et al. (2013) reported a hypomorphic knockout
mice for the PDGEFB gene, presenting BCs in a similar pattern compared
to humans, reinforcing the involvement of the BBB in such phenotype.
Developing addinional knockout mice for other mutanons . SLC2042,
PDCGERB, and PIYGEB is a major priority for understanding PFBC physio-

pathology and for testing new drugs,

7. NEW THERAPIES BASED ON NEW GENES

The report of three new genes associated with PFBC nught help to
enlighten the current guidelines for medical treatment. So far, there s no
specific treatment for farmilial BC. The huge chimcal heterogeneity shows
that the symptoms are likely too variable to be treated by a single agent. Cur-
[ “,‘l:ll',, treatment ||I'i gl‘ll I_'H,' 111“11“11-_"";,"{] ]:]il,ﬁ{"d (5] )] Ll.-lﬂ '|'|'|.;|,'i|| ?i::a"l'l'lp',[,ﬂ]lﬁ. .g'l.]']'d Lh{:rﬁ"
are case reports of patients treated with various medications such anticonvul-
sants, mood stabilizers, antipsychotics, antparkinsonism, ant-incontinence,
analgesics, anudepressants, and benzodiazepines. The prognosis 1s also var-
able with some reports stating cases where the symptoms were transient
after treatment. Yoshikawa et al. (2003) reported a pediatric case in which
a 12-year-old girl with substantial caleinosis presented transient motor and
mood symproms and recovered completely atter sympromatic treatment.
A CT screening of other siblings showed asympromanc subjects with calci-
nosis. However, most patients show a progressive deterioration, despite
continuous treatment.

Feports of mutanons in the morganic phosphate transporter (SLC20A4 2)
associated with PFBC support the concept of designing treatments
according to a pnmary cause and not only the major symptoms. However,
the most intuitive treatments, based on the possible blockage of calcium or
phosphate transport, have himited descnptions, and so far, no consistent chin-
ical trial was specifically oriented to twreat this rare condition. Calcium chan-
nel blockers such as mmodipine have faled as a treatment according to
anecdotal reports (Manvam, 2005).

In very few cases, bisphosphonates (BP) such as etidronate disodium had
positive effects in reducing symptoms but failed to reduce deposits according
to CT imagery, Following treatment of patients presenting parkinsonsm,
ataxia, spasticity, and dystomia, there were improvements in speech and gait,
without improvements in spasticity, dystonia, ataxia, and caleifications
{Loeb, 1995). In addition, two cases including: (i) An 8-year-old boy with
headaches and serzures treated with etndronate disodium had alleviated
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symptoms  but with no  apparent reduction in calcifications, and
(11) 45 patients were treated with the same medication to control seizures,
and psychotic symptoms lead to an improvement of symptoms but no
apparent loss of calcithed deposits as mmaged by CT (Locb, Sohrab,
Hugq. & Fuerst, 2006). The authors proposed that neurclogical symproms
associated with BCs can be reduced with endronate disodium, which 1s
known to inhibit the microcrystal growth of hydrosxyapatite. BP are more
commonly used for the prevention and treatment of postmenopausal oste-
oporosis, bone metastases, Paget’s disease, and prevention and treatment of
glucocorticord-induced osteoporosis, Other osteoporosis-related condi-
tions such as immobility are also currently treated with this drug
(Rikel, Boucher, & Ste-Marie, 20171). Most BP show affinity for miner-
alized bone, binding to hydroxyapatite, with preferental localization to
sites of intensive bone remodeling helping to reduce resorption mediated
by osteoclasts. Independent studies confirm thar the synthesis of farmesyl
pyrophosphate, an enzyme involved i lipid brosynthesis, 1s the main target
tor various BP. BP rapidly decrease the rate of bone turnover through
reduction of bone resorption and osteogenesis, There was no progressive
reduction of bone turnover markers with repeated annual administration,
in the case of ,"'.f.‘laﬂmm, and age does not seem to influence this effect
(Riakel eral., 2011).

Prospective and longitudinal studies that directly relate neurological
symptoms to the formation of macroscopic calaficanons as well as
large-scale clinical trials with BP to both prevent and treat cerebral calei-
heanons could be an effective approach to treat panents with brain
calcinosis.

Thedennficatnon of SLC20A2, PDGEREB, and PDGEB provides a new
avenue for potential treatments based on the use of BP and drugs modulating
the PDGEFRB pathway such as umatimb. Imatinib 15 a tyrosine kinase mkhib-
itor currenty approved for the wreatment of various cancers in the United
States, and PDXGFRDB represents an mteresting target for therapy as it is a
kinase receptor activating many downstream pathways.

There are still several questions regarding this unusual neuropsyehiatrie
condition; however, the reports of new genes as well as increased availabil-
iy of detection methods bring a promising perspecuve for patients, chim-
cians, and basic scientists. Hopefully, this will mimprove our basic
knowledge concerning ectopic calaification mechanisms and eventually
benefit other conditions that share molecular and clinical overlapping
with PFBC.
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1.4. MATERIAL AND METHODS

1.4.1. Patients and Samples

Probands previously investigated with full blood and urine screening as well as
with bilateral brain calcifications in the region of the basal ganglia observed by
neuroimaging analysis were selected for this study. Each patient signed a informed
consent and had peripherial blood samples colected. This work was approved by the
UFPE Ethics  Committee (CAAE-0296.0.172.000-08  and CAAE -
09475912.8.00005208).

1.4.2. DNA Extraction

Genomic DNA was extracted by salting-out protocol according to Miller et al.
(1988), with modifications described below, or with Wizard® Genomic DNA
Purification Kit (Promega) or with FlexiGene DNA Kit (Qiagen) following
manufactors' instructions. The DNA concentration and purity was obtained by
measuring the absorbance at 260 nm with a NanoDrop® (Thermo Scientific)

spectrophotometer. DNA aliquotes were diluted to 30 ng/uL or 100 ng/uL.

1.4.2.1. Salting-out DNA extraction

a) 10mL of anticoagulated blood (colected in EDTA tubes) were mixed by
inversion until homogenization and transferred to a 50 polypropylene tube.

b) Add 35mL of 1 x Blood Lysis Buffer (see preparation of stock solutions below),
mix vigourosly and then rest in ice for 30 min to lysate red blood cells.

c) Centrifuge at 1.800 rpm for 15 min and discard supernatant. Add 10mL of 1 x
Blood Lysis Buffer, centrifuge at 1.800 rpm for 5 min and discard the
supernatant again. You will obtain a pellet of white blood cells.

d) Resuspend the leukocytes pellet in 3 mL of 1 x Nuclei Lysis Buffer and mix
well.

e) Add 100 pL of protease K (20 mg/mL) and 300 pL of 10% SDS. Mix carefully
and then incubate at 65°C for 1 hour.

f) Add 1 mL of 6M NaCl and vortex forl5 seconds.

g) Centrifuge for 2.500 rpm for 20 min.
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h) Transfer supernatant to a new 50 mL polypropylene tube and precipitate the
DNA adding 2x volume of 100% ethanol.
1) Collect precipitated DNA cloud with a glass capillar or a plastic micropipet tip.
Transfer the DNA to a 1,5 mL microtube and wash it with 1 mL of 70% ethanol.
j) Centrifuge at 12.000 rpm for 5 min, discard the supernatant and let the DNA
pellet dry at room temperature for 30.
k) Resuspend the DNA in 200-500 pL of TE buffer and incubate at 65 °C for 30
min to eliminate DNase contamination. Stock at -20 °C.
I) Stock Solutions:
i. 10 x Blood Lysis Buffer
1550 mM NHA4CI
100 MM KHCO3
10 mM EDTA (pH 7.4)

ii. 10 x Nuclei Lysis Buffer
100 mM Tris-HCI (pH 8.0)
4 M NaCl
20 mM EDTA (pH 8.2)

iii.  TE Buffer
10 mM Tris-HCI (pH 8.0)
1 mM EDTA

1.4.3. Sanger Sequencing

The screening of genetic variants was obtained by PCR amplification followed
by Sanger sequencing of the coding sequence of each selected gene, using cycle
conditions previously described by Wang et al. (2012).

The four associated genes SLC20A2 (Wang et al., 2012), PDGFRB (Nicolas et
al., 2013), PDGFB (Keller et al., 2013) and XPR1 (Legati et al., 2015) were analyzed,
as well as candidate genes from the PDGF family — according to Hoch et al. (2003):
PDGFA, PDGFRA, PDGFC and PDGFD — and PCDH12. For the first group, primer
pair sequences were available in the literature cited above. For the second group, primer
pairs were designed with Primer3 online software. Generally, each primer pair gives an

amplicon correspondent to a coding exon.
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Every reference sequence variation found by sequencing was annotated in our
internal database and then searched in online databases doSNP, Exome Variant Server,
and Ensembl, or in Alamut Visual (Interactive Biosoftware) software when available.
Known mutations generally had information regarding to minor allele frequency (MAF)
available. In this case, only rare variants (MAF <2%) were considered as candidates.

In order to verify possible alterations in gene function, the variants were run by

online bioinformatic prediction tools MutationTaster2, PolyPhen2 and SIFT.
1.4.4. Quantitative Multiplex PCR of Short fluorecent Fragments - QMPSF

The design and optimization of the SLC20A2 QMPSF reaction was performed
by Joana FERREIRA and by Stéphanie DAVID (Inserm U1079, Roeuen, France).
Then, Stéphanie DAVID screened the French PBC cohort (see section 9 for more
details), while Joana FERREIRA was responsible for the screening of the Brazilian
patients with brain calcifications.

A total of 14 primer pairs were designed for SLC20A2 QMPSF reaction (see
section 9 for primer sequences). In order to avoid unwanted primer interactions, a
careful primer design is fundamental for QMPSF. PrimerPremier (Biosoft) was utilized
to design primer pairs for each SLC20A2 exon, as well as for an exon of HMBS control
gene. The following parameters were regarded: amplicon's size should range between
100-300 bp with a difference of at least 10 bp among each one, and primers' annealing
temperature should be 58-62 °C (approximately 60 °C). PrimerPremier tool "Multiplex
PCR" was utilized to predict primer interactions, as the formation of homodimers,
heterodimers and hairpins. Only primers with entalpy AG > -10 kcal/mol were selected.
Primer sequences were checked for absence of known variants with both SNPcheck and
Alamut Visual (Interactive Biosoft) softwares. The sequences were also analyzed by
BLASTN using "Human Genome (GRCh38.p2 reference assembly top-level)" and
"megablast (highly similar sequences” parameters; only primers with e-value <0.2 were
accepted. All foward primers were labeled with FAM fluorescent dye.

The QMPSF reaction was optimized not only by a temperature gradient to
experimentally confirm that 60 °C was the best annealing temperature, as well as
verifying which were the exponential/quantitative phase cycles. After QMPSF, the
ROX-labeled molecular size marker (GS-400 HD) and formamide were added to the
reaction of each DNA sample, which were denatured by 2,5 min at 95 °C. The reaction
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plate was then read by an ABI 3100 instrument under fragment analysis parameters
(GeneScan). The electropherogram obtained for each patient is superimposed to the
electropherogram of a control DNA, and the peak of HMBS control gene is aligned

between patient and control DNA. For analysis details see Charbonnier et al. (2000).

Figure 1. QMPSF schematic representation. Multiple DNA targets are amplified by FAM-labeled primer

pairs used under quantitative conditions.

MNormal
% T\.m cop\, control
— Quantitative PCR Deletion
(stopped in log phase) Gel electrophoresis A \]\ fl\

Genomic DNA

] i Duplication
>
Labelled primers

Source: Adapted from Feuk et al. (2006).
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Abstraet Primary famnilial beain calcification (FFBC) is iden-
tified by mineralization of the hasal ganglia and other brain
regions in the absence of known causes. The condition is often
inherited in an aviosomal dominant patiem and can manifest
iself clinically with neuropsychiatric symptoms such as
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Parkinsonism, headaches, psychosis, and mood swings.
Mutations in the SLC2042 gene account for =30 % of
inherited cases, and this gene encodes an inorganic phosphaie
transporter (PiT-2), a ransmembrane protein associated with
Pi homeostasis. The p Y 386X mutation in SLC2042 was
identified in a patient who presented migraines, brain caleifi-
cation, and mild but chronic hypovitaminosis [, SLO2042
c I L3RC=0G single-muclootide heterozygons mutation resulis
in & premare siop codon and & putative tuncated protein of
3835 amino acids. Proband parenis do not present the mutation,
which is also not present in major public SNP datsbases,
suggesting a de novo sporadic trai. This study describes for
the first time a de novo SLOMA 2 mutation in a PFBC patient
with migraine and mild hypovitaminosis [, This data fusther
reinforces the pathogenic role of SLCH0A2 mutations as caus-
al factors in FFBC physiopathology.

Keywords SLO2042 - Brain calcification - Vitamin D -
Inosganic phosphate - De novo miutation

Introduction

Caleification of the beain can occur secondanly to other con-
ditions such as nfections (e.g., nenrcysticercosis) and hoe-
monal and biochemical imbalances. However, the terns “id-
inpathic basal ganglia calcification™ of “Fahe®s discase™ were
often used as synonyms to refer to cases without an apparent
ctinlogy. More recently, a new nomenclature suggests “prima-
1y farnilial brain caleification” (PFBC) as more appropriate for
diagnostic purposes (Sebrido et al. 2013).

Common clinical manifestations include Parkinsonism,
pewchosis, dementia, and headaches, with an autesonsal dom-
inant patern of mheritance for calcifications in the basal
ganglia, thalamus, and dentate noeled, In 2002, the first muta-
tions associsted with PFBC were reported in SLC2042
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(chromosome 8) encoding the ubiquitously expressed inor-
ganic phosphate transporter PiT-2. Currently, almost 40
SLC20A42 mutations have been associated with PFBC
(Battger and Pedersen 2002;Wang et al. 2012; Nicolas et al.
2014b).

More recently, mutations in platelet-derived growth factor
(PDGFB) and its receptor PDGFREB genes have been found in
multiple PFBC patients. This data suggests that several path-
ways might lead to a similar phenotype (Keller et al. 2013;
Nicolas et al. 2013).

Here, we report the discovery of the first de novo SLC2042
mutation in a Brazilian patient with brain calcification found
during the investigation of a chronic migraine.

Methods
Subjects and Samples

An index case presenting chronic headaches was initially
investigated with full blood and unine screening as well as
neuroimaging analysis. Screening was also performed in three
of the patient’s relatives. CT scans were available only for
subjects I-2, II-1, and I1-2. Peripheral blood samples were
collected from four subjects: index case and three relatives
(Fig. ta). A skin biopsy was also performed on the proband
for DNA and RNA analysis. This project was approved by the
UFPE Ethics Committee with signed informed consent forms
from cach subject.

A
1*
.. ®
b| !
. Bran calcfcations
[Z] wigrsine
D Thyrotoxycoss

* Asymptomatic. no CT available

Fig. | Podigree amalysis and posttive CT scan of dex case with muie
graine and bypovitamenasis D, a Pedigree of the index case indicating the
subjects with brain calcifications (caky 1) and those with migrame (52,

DNA Sequencing

Genomic DNA from blood and skin was isolated by salting-
out protocol. PCR amplicons for SLC2042 exons were gen-
erated from blood DNA and sequenced by the Sanger method,
using primers and cycle conditions described previously
(Wang et al. 2012). Exon variants were analyzed using CLC
Main Workbench software (Qiagen, USA). The identified
mutation was verified by PCR and sequencing with five
replicates in the proband and two for each relative. To confirm
the biological relationship between the parents and proband,
DNA was amplified and short tandem repeat (STR) analysis
was performed with “Identifiler® Plus™ (Life Technology,
USA) and “PowerPlex® 16 HS"™ systems (Promega, USA)
using 18 loci.

RNA Analysis

Quantitative realtime PCR (qRT-PCR) was performed o quan-
tify SLC2042 messenger RNA (mRNA) expression in samples
using the AACT method. Total RNA was isolated from blood
using PAXgene Blood RNA System (Qiagen, #762174,
Switzerland). Reverse transcription was performed for cach sam-
ple using the RevertAid H Minus First Strand cDNA Synthesis
Kit (Thermo Scientific Bio, #K1632, USA) in a 20-pl reaction
coataining S00 ng of totzl RNA. Real-time reactions were as
follows: 1 pl. complementary DNA (cDNA), 3.5 ul. H,0, and
§ uL TagMan® Gene Expression Master Mix (Applied
Biosystems, #4369510, Foster City, CA) with 0.3 pl. of 20x
TagMan Gene Expression Assay (Hs_00198340_ml; Applied

k], and Ji2). 112 also presents thyrotoxycoss. b Honzontal CT scan
slice showing spots of calcification in the basal ganglia for the proband
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Biosystems) or 20x TagMan® Endogenous Control
(Hs_02758991 gl: Applied Biosystems) in a 10-pL reaction.
Real-time PCR reactions were run in triplicate and run using a
7500 Fast Real-Time PCR system (Applied Biosystems).
PCR-amplified cDNA fragments were then sequenced
with automatic Sanger sequencing using the primers as fol-
lows: forward (3“TCT GCT GCA CAA AAT CCA CA-Y)
and reverse (5-ACG GGT GTA GCT GCT TCT TG-3').

Results
Clinical Features of Patient with SLC2042 De Novo Mutation

A 33-year-old female (mother of two children, employed as a
real estate manager) was under investigation foe chronic mi-
recently. The chronic migraine had characteristically a pulsating
patiem, was sensitive to light, and sometimes during over 24 h.
This initially took ber to an ER, and a neurological follow-up
detected the calcifications. Various medications were used to
alleviate this intermittent symptom. The patient also refemred to
regular menses not linked to a regular menstrual cycle. No
neurological deficits were observed on physical examination. A
CT scan revealed bilateral cakeifications in the globus pallidus
and pulvinar regicn of the thalamus and less intensely in the
dentate nucleus. Sparse cakifications also presented in the white
matter of the cerebellum and frontal subcortical regions (Fig. 1b).
Hemoglobin, ceruloplasmin, and serological testing for toxoplas-
masis, CMV, HIV, and hepatorenal biochemical markers were
nomal. Adenchypophyseal homones such & prolactin, GH,

A AcTTANACCTG
r .’ "'
patient | /Y| L

111
B AGYTACACCTG

TSH, FSH, and LH, together with cortisol, glucose, and lipids,
were all within normal levels. Biochemical and endocrinological
tests revealed only mild hypovitaminosis D (16 nmol/L of 25
hydroxyvitamin D [25(OH)D]). A supplementation was pre-
scribed, but no change was detected at serum level follow-up
(15 nmol/L of 25(OH)D). The proband reported a familial
history of dementia (mother and maternal aunt) and thyrotox-
icosis (Graves' disease) in a younger sister. Newroimaging
analysis of both mother and sister showed no calcification
(data not shown).

Screening and Validation of a De Novo SLC2042 Mutation

We identified the new mutation p.Y386X in exca 10 (previ-
ously exon 8) of the SLC2042 gene (NM_006749.4:¢.1158C>
G; NP_006740.1), which results in a premature stop codon and
a putative truncated protein with 385 amino acids instead of 652
(Fig. 2). This mutation was not observed in the online databases
EVS and 100K Genomes or in 55 controls from the Jnserm/Ruen
exome databases. Three relatives of the patient (two genera-
tions) were screened for the mutation, all of which showed
negative (Figs. Ia and 2¢, d). The biological relationship be-
tween the proband and parents was confirmed by multiplex STR
analyses (data not shown). Since SOmatic MOSIICISM S common
in subjects with rare disorders and de novo mutations, we
screened another tissue from a different embeyonic origin, which
also contained the mutation. We also analyzed mRNA
expression in RNA extracted from peripheral blood of
the proband by RT-gPCR. SLC2042 expression was
decreased by ~10 % (data not shown) in the proband.
c¢cDNA sequence reads show a reduced peak

[
| I‘ l\l A
il i

C AGTTACACCTG

Father

D acTTAaCACCTG

Mother i
-2 MWV

Fig. 2 Dec novo metation in SLC2A2 gene. a, b Electropherograms
showing a SLC2042 de novo mutation in the patient
(NM_006749.4:c. 1 1 38C>(), both in genoméc DNA (3) and cDNA (b)
This variant is absent i parents (c, d). Schematic dagram of wilditype

&) Springer

and mutant SLC242 proteins highlighting a shocter putative PiT.2
protein due to a stop codon at the 386 amino acid residue
(NP_006740.1: p.Y386X) (e). Both models were gencrated by TOPO2
anline software (htp2fwww.sacsucsLadw/ TOPOL/)
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correspondent to the mutant allele (Fig. 2b), compara-
tively with the genomic DNA (Fig. 2a).

Discussion

This is the first report of a de nove mutation in the SLO204.2
gene, reinforcing the causative role of pathogenic variations of
this gene in PFBC.

Curiously, this patient also presents mild but chronic
hypovitaminesis [, In 2002, the patient was dizgnosed with
hypovitaminesis [, and despite prescription of supplements,
there was no change (parathyroid hormone was within the
normal range in both instances). Cheonic hypovitaminosis [
is influenced by several factors, i.e., age, skin tone, latinade,
sun exposure, and season of the year. In addition,
hypovitaminesis [ is a common problem in the city of Sio
Paulo (Maeda et al. 2003). Therefore, without further evi-
dence, it was not possible to confirm if the hypovitaminosis
[ was a comorbidity or a new phenotype.

Analysis of SLCNAY mBEMNA expression demonstrated
only a small decrease in SLCHIALY expression (10 % de-
crease relative fo confrols) despite the proband carrying a
premaiure franscription fermination signal (stop codon).
Fhang et al. (2003) performed similar experiments and de-
scribed a decrease by <30 % in SLOC242 expression in
paticnts carrying the mutation. This might be due o compen-
sation by the wild-type allele iriggered by allzlic loss. In our
siudy, a stable expression of mutant SLOMA2 mBNA or
upregulation of the wild-type allele could account, on one
hand, for the small differences we observed in our RT-
qPCR. On the other hand, ¢cDNA sequence reads suggest
lower expression of the mutant allele (Fig. 2b), comparatively
with the genomic DNA (Fig. 2a), suggesting an RNA-
midiated decay, typically found in stop codon carriers.

SLC2042 and other genes associated with PFEC should
also be scroened for mutations in patients with non-idiopathic
beain calcifications. The presence of hypovitaminosis [ in the
proband likely might exists as a comorbidity due to the
absence of this condifion in previous PFBC patients with
SLCXA2 mutations. However, it 5 necessary to document
this finding and to be aware of eccaional future reports.

Micolas et al. (201 4a) recently repored a de aovo mutation
in PIMGFE, the second most frequent mutated gene in PFBC,
in a patient with brain calcification and lanyngeal dystonia,
Together with our report, such findings seinforce the need to

screen for mutations linked to PFBC even in cases with
sporadic and atypical phenotype.
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Identification of partial SLC20A2 deletions in primary
brain calcification using whole-exome sequencing
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Primary brain calcification (PBC) is a dominantly inherited calcifying disorder of the brain. SLE2042 loss-of-function variants
account for the majority of families. Only one penomic deletion encompassing SLC204A2 and six other genes has been reported.
We performed whole-exome sequencing (WES) in 24 unrelated French patients with PBC, negatively sereened for sequence
variant in the known genes S1C2042, PDGFB, PDGFRE and XPRI. We used the CANOES toal tp detect copy number wariations
(CHWs). We detected two deletions of exon 2 of SLC2042 in two unrelated patients, which segregated with PEC in one family.
‘e then reanalyzed the same series using a QMPSF assay incleding one amplicon in each exon of SLEC20A2 and detected two
supplemental partial deletions in two patients: ane deletion of exon 4 and one deletion of exons 4 and 5. These deletions wene
missed by the first screening step of CANOES but could finally be detected after readjustment of bloinformatic parameters and
use of a genotyping step of CANOES. This study reports the first partial deletions of SLC2042 and strengthens its position as the
major FBC-causative gene. It is possibbe to detect short CHVs from WES data, although the sensitivity of such tools should be

evaluated in comparison with other methods.

European Joumad of Human Ganstics advance online publication, 1 June 2016; doi:10.1038%jhg. 201650

INTRODUCTION

Primary brain cakification (PRC), also known as primary fmilial
brain calcification (OMIM 213600) or formerdy Fahe's disease, is
defined by the presence of microvascular calcifcation affecting at least
the baml gangla with no canse iollowing an extensive clinscal,
binkogical, and imaging etiological amessment. Calcification carriers
may exhibit diverse neurologic or psychiatric symptoms. Amang them,
the most frequent three categories are: peychiatric disturbances (mainly
mood, psychotic or persorality disorders). cognitive impairment
{invalving mainly memory and executive functions). and movement
disarders (mainly extrapyramidal signs).! Patients may present other
sympboms such as gait disonder, cerehellar smidrome, dysarthria, and
marely seizures. Cephalalgn and especially migmine are fFequent
circumstances allowing the identification of bran calcification.!

PBLC is inherited as an autcsomal dominaet trait. In ths context,
causative variamts have been identified in 4 genes: SLCMAZ (OMIM
I58378);2 PDGFRE (OMIM 1734100, PDGER (OMIM 190040),% and
XPRI (OMIM 605237)% Two copy number variants [CHVs) were
previously detected as PBC-causing: a partial deletion of PIMGFE in
ane patient® and a deletion encompassing SLC20A2 entirdy and six
other genes in one family” SLCMA? and XPR! encode morganic
phnsphate tramsporters, the imparter SLCMA? (alsn known ax PIT2),

amd the exporter XFEL, respectively. Loss of fundion of efther gene
leads to microvascular muoral and perivescalar calcifcation imvolving
vascular smooth mumce cells and pericytes. Losz-nb=fondtion variants
al FIGEFR or PIMGFRE are responsible for an alteration of the bloode
brain barrier (BEB). Whether the BRE alteration is the direct cause
of microvascular cakdfication or there i other links with inorganic
phosphate metabolism remairs to be determined® In owr Fremch
series of PEC patients, > 5% of probands or spomadic cases do nos
exhibit amy causative variant in one of thewe penes after Sanger
sequencng, (unpublished data).

We performed wholesexome sequencing (WES) in 24 patients with
PBC negatively screened for the four gemes. Albough WES was
developed to detect single nucleotide variants and short indels, we can
nivw take advantage from WES data to detect {2NVs. We report here
the results of WY analysis of these four genes in these 24 WES.

MATERIALS AND METHODS

Patients

Patbents were included followisg the peeviousdy desoribed criteria” 1o hilef,
peohamds exhibitad (1) a1 leas bilmeral kencicular calcification, (2) the ool
calbcificanion sonre uslng our own visnal raieg scale was above the age-specific
threshald, asd {3) an entmsive efological sseswment was normal.
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Giemetic analyses were performead afier wrinen, informed cossemt. This smudy
wis approved by our ethics comminee. The emtire coding sequence of
ELCOAZ, FOGEFE, POGFRE, and XPRI was asesad by Sanger saquencing,

We induded for WES 24 patients with FBC {14 probamds of wnrelaisd
famnllies and 10 apparently sporadic cises) negatively screened for all four genes.

Exomes were capored ming the Aglemt Suresden All Exons Humsan V5 Kic
{ Agilant wohnokogies, Sama Clars, 4, USA). Final lbraries wene sequenced an a
Hi%aq2000 with paired ends, 100-bp reads. Reads were mapped 1o the 1000
Giemomes GRChST bulld using BWA 0.7 5 Foard Took 1101 was wed o flag
duplicate reads. We applied GATE for indel realgnmem, bhase qualiny soore
racalibration and SMPs, and indels dscovery using te Haplotype Caller across all
samples seduneoesly soconding o GATE 3.3 Best Praoies recommessda-
tone !t The joim varamt calling file was anmotaied using Annovar (date of
wersian had 20150322 (hopivwsseopenhksinformanics ongfanniove].

CNV caling

T devec CHVs from WES dam, we wed the CANOES suie!? s algorithms
are dadicated po the devection of CNs using resd-depeh comparisons herween
differem samples. In @ first siep, we caloukited the read depih fior each targer
using bedoools  hinpaVhedrook readthedocs lnfenflasvooniemibedinols-suine.
himndp. We merged close targers | =030 bp) oo redsce the rae of ke positives
and remaved all evenes kocalized in known regioss of segmenial doplication. As
a second step, we naed the genobype (Vs function of CANOES, which allows
determining the probability of a spedfic evene. The objective was 1o amalyre
cach target Intersscting vy exom of SLOCXAT, PINGFH, POGERE, and XPRT by
considering each targer as & punacive independemt event.

For exon nusnbering, we oonsdered & meon 1, the firs one fom 570 3 in the
DA follorwing the given mmamaript. The three SLOC2042 panial deletions were
subanined 1o the LOVD datahase
with folloswing variam 10 ODOES4S), DODO0EIET], and NINDE9492.

SLCMAZ (PMPSF assay

We desigmed @ quastitcive mulples PCR of shom Soorescent fragments
(OMAPEF) aseay oo confirm the pressnce of the deethon encoanpassing exon 2
of SUC2042 in two unrelated individuals amd 10 screen all other patiems
This assay inclisded ome comral ammplicon in HMES and one amplicos in each
exon of SLC0AT (MK 006749.4) pls one amplicon in ahernative {non-
codingh exom 1 [MM_001Z57180.1), which maps benween non-codieg exon 1
amd {ooding] exon 2 of ranscript KM_DDSTESA im the gencene. Primers ane
avallable in Supplementary Tabde 1.

RESULTS

Amaong the 24 WES of patients with PBEC, mean depth of coverage was
135x {a mean of 98.97% of tarpeied bases were covered more than
15x). We extracted all varmnts mappmg to SLOCNAL, PIDGES,
PIOMGERB, and XPE] genes, and confirmed that no single nucleatide
variant or shart insertion or deletion probably affecting function had
bheen missed by Sanger sequencing,.

After exnimewide NV calling wsing the CANDES tool, we detecied
a total of 373 events without any fAliration on gemes (114 per
individual on average (range G=26), with 2 mean estimated size of
50.5 kb {range 0,099 kb=796.27 kbl 96.7% overlapped known CNVs
from the datahase of genomic variams (hitp:fidgy.icag.cafdewappl
home]. In total we identified 120 duplications and 153 deletions. O
these, 110 duplications amd 134 deletions were identihed only once in
a single patient, that is, unigue (Vs We then focused on PRC genes
and identified a heterozygous deletion of exon 2 of SLCHIAY in two
unrelated probamds (ROU 1129 and EXT 383, Figures la amd b,
respectively). We comfirmed the presence of both deletions by QMPSF
and showed that thiz deletion only encompassed exon 2 and not
exon 1 [MNM_6749.4)), alternative exom | (NM_00135718001), or
exon 3. In family 1129, the presence of the deletion was confirmed in

Evropean Jourmal of Human Genetics

an affected brother and his affected dawsghter. DNA was nefther
available for other affected relatives from this family nor for relatives
from family EXT 383, ROU 1129 and EXT 383 families both originate
from the same region of France, However, pedigree information does
nat suggest that they are relted and we confirmed the absence of
cose relatedness by estimating identity by descent through Plink
software |Supplementary Moge 1), Clnical and imaging findings are
summarized in Table |. A more detasled description of the phenotype
is available in Supplementary Note 2.

The sensitivity of TNV detection has been estimated 1o be 74% in
the first report of CANOES wing WES data obtained with another
captare kit."* With the aim 0 assess the presence or absence of CNV
in each SLOCAMAZ2 exon, we developed a QMPSF asay mcheding one
amplicon in each exon of SLCMAZ After assessment of the 12
remaining patients, we detected two new heteroeygous deletions one
encomipassing exon 4 onby (EXT 434, Fggure Ic) and the other
ane enovmpassing exons 4 and 5 (EXT 451, Figure 1d). The deletion
of exon 4 was also found in the the proband’s affected sister. DNA
from relatives of the patient carrying the exons d=5 deletion was not
available. BMA from these patiems was not awailable. Mone of the
three deletions is reporied in the database of genomic variangs.

As 2 of the 4 deletions were missed by the firs CNY screening of
CANOES, we went back to WES data. We used another tool from the
CANOES soite, called GenotypeCNVs, which is designed to perform
targeted detection of CMVs, to test whether it allowed identifying all
four deletions. The GenotypelMVs tool allowed detecting all four
deletiors only after decreasing quality thresholds. However, this bed to
the detection of a Glke-positive duplication of exon 4 of SLCHAZ

DISCUSSION

SLCARAZ i the major gene causing PBC'? It & clearly demonstrated
that heterozygous loss of SLOCNIAZ function s sufficient to case PRC?
However, anly one genomic deletion has been published to date”
Amang the seven genes deleted in this family, the THAF! gene abso
refained the attention as loss=cdsfunction wariants of this gene cuse
dysionia, which was a prominent teature assocmted with FEC in thx
family. We report here the first SLOCHIAT partial deletions causing
PBC Amaong 24 patients with genetically unexplained FBC, we found
four {16.7%) SLC2042 partial deletions, suggesting that such events
variants, during the genetic screening of PEC patients. In our series,
SLEMAL capsative variants, inchuding sequence variams and (s,
are found im 28.5% of unreated probands [$0% when fncusing on
farmilial cases).

Interestingly, almost all patients with a partial SLCMA2 deletion
exhibited the same radiclogical phenotype ax patiemz carnyng other
knsseof-function variants, that is. caldfication of lenticular, candate
nucle, thalumd, cerebellar hemipheres, and in particolar the verm
and cortical subci (Table 1 Supplementary Figure 1) All were symipios
matic, which seems different from the 58% of symptomatic mutation
carmiers in our previous report.! OF note, in family BOUL1129,
the grandmother developed cognitive decline omly after the age
of B4 [of unknown cause), and 2 affected relatives were asympto=
matic by family interview. This suggests that the apparent high
proportion of sympbomatic patients in the present report could be
an inclusion bias.

Exon 2 of SLOCHIAZ is the fArst coding ewon and comtins the
trarshtion mitiation ATG codon a5 well & very corserved ammo acid
ressdues. This deletion probably results in a loss of function. The
deletion of exon 4 causes a frameshift and therefore a probable loss of
function. A splice variant at the accepior site of mtron 4 ha already
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Figure 1 Partial deletions of SLEMAZ. [a=d) On the ieft part of the panels, I score of readedepth comparison among the 24 exomes 2re represented along
PEMOMIC positions. on chromosomse & Fed lines represent each patient camying a partial deletion. Black spobs repeesent the targets of the capbure kit. Armows
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figure & available at the Europeae Jourmal of Humane Genstics journzl online.

been described in a2 French famih?® and could result = the same
consequences as the genomic deletion of exon 4, that is, a total skipping
af exon 4 in mAENA. However, BNA was not studied in the family with

the splice variamt and we cannot exclude that a crypiic accepior site
could be wmed. The deletion of exons 4=5 & in frame and results in the
loss of two transmembrane domairs (Figure e Exon 4 & highly
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conserved during evolution and 2 has been shown that an artibcal
ddetion encompassing exon 5 and other exons resulted in decreased
transport activity.’® Taken together, this suggests that this deletion
might adso result m a loss of SLC20A2 function.

Although WES was not developed with the primary amm to detect
CNVs, several tools take advantage from multiple comparsons of
depth of coverage allowing the detection of deletions as short as
300 bp (eg. the deletions involving exon 2 of SLC20A2; size of the
target in the capture kit: 316 bp). Exon 4 of SLC20A2 is only 85 bp
long (size of the target in the capture kit: 175 bp) and was detected
by CANOES from WES data only after targeted genotyping.
This suggests that the first step of CANOES, performed exome-
wide, might be associated with good specificity but false negatives
could be misleading. In presence of a reduced number of candidate
genes, the genotyping step used with lower quality thresholds
should allow reducing false negatives with the disadvantage of
detecting false positives. Sensitivity and specificity of bicinformatics
tools aiming at calling CNVs from WES data remain to be
determined in comparison with other techniques allowing such a
high resolution.

CONFLICT OF INTEREST
The authors declare no conflsct of interest.

ACKNOWLEDGEMENTS

We are grateful to Camille Chasbonnier for her help in relatednes estimation,
and 10 patiems and physiclns {avolved in medical care and follow-up of
putiente Philippe Balze, Nolwen Delarue, Alexandra Dure, Pamick Louf, Yann
Nadjar, Gllles Olivies, Suiphane Schaeffer, and Frédéric Sedel. This study wis
funded by Consell Régonal de Haute Nammandie - APERC 2014 no. 2014-19 in
the context of Appel d'Offres Jeunes Chercheurs (CHU de Rouen). SD thanks

SUC202 deletiors cause bain caldfication
S Dowid o of

49

Foadation pour & Recherche Médicale (DEA20140630628) and |¥ thanks
FACEPE (18PG-0627-202/11; AMD-0047-2.00/15) foe fimancial support.

1 Nicolas G, Charbonnier C, & Lamos KRR af 4 Brain caldfcation peocess and
phanctypes scconding 10 ige and se: Lassors fom SLC20A2, PDGFB, and POGFRE
mutason carirs. Am J Mad Goaset 5 Necrogsychiatr Ganer 2015; 168 S86-504.

2 Warg C LI Y, She L of ak Mutations in SLC20A2 link Samiial idicpamic basal ganglia
calofication with phosghane homecstisis. Na! Goner 2012; 44: 258256,

3 Nicelas G, Pomier C, Maltate D ar at Nustion of e PDOFRS gend & a cause of
idopative bicad ganglia caditication. Noewodygy 2013; 80: 181-187.

4 Waber A, Wasanberger A, Sobeido M) éf st PDOFS mutatons Cacse beain calclications
0 hamans and mece. Mar Goser 2013; 45 1077-1022.

S Legati A, Gisvannini D, Necelas G ar ok Mutations in XPR1 cause primary tamilial
:_’n’n_&egflt:m EaOtiated with altered phosphate eeport. Nar Gacar 2015; 47:

€ Nicolas O, Rovelet-locrus A, Pomsr C of 4¢ POOFS panial Sidetion: 2 mew, ram
machaniem causing Drain cHGiCation with lukoencephalopaty. J Mol Newose
2014; 53 171-175.

7 Bakar M, Svorgesky A, Sacher-Convedas MY af at SLC20AZ and THAPL
Gelation in Tamilad basal gangha calofization with dystonia. Newogenatcs 2013; 15:
23-30.

B Vanknoowich M, Lebowvier T, Andaloussi Mae N ar at Functonal characirization
of germiine mutations i PDOFE and POGFRS in pemary lamikal Bean cadcification.
FLOS Owe 2015; 10: 0143407.

9 Nicoks G, Potter C, Charbonnier C of 4t Phanctypic spactum of probabie and genaicallye
confrmed iiopathic bacal gangla caloficasion. Baw 2013 136: 3395-3407.

10 U K, Dustin R: Fast and accusate ong-read ab@nment with Surows- Whaa ke transioem.
Siointacics 2010; 26: 589-535

11 Mexenna A, Hama M, Banks E of at The Gencme Anahsis Toolkit: & MapRaduce
fraenawark 1o anahaing Hac-goneration DNA sequencing &, Genoow Res 2010; 20:
1297-1303.

12 Backeneonh D, Homdy J, Nurile LR @ ak CANOES: Satecting rire cogy numder wariants
from whoke eeome sequencing daa. Nuckic Acits Bes 2014; 42: 97,

13 M 5C, Searns RL, Lemes RR of at Nuatons in SLC20AZ an a majr cause of tamilal
idopathic basal gangla caleifcanon. Newogeoatics 2013; 14: 11-22.

14 Bomger P, Pedersan L: Mapping of the mnimal incrganic phesphale Manspoting unit
of huran PIT2 & shructure uniwesal 10 PIT-lnod poteins from ol siogdoms
of . SMC Biockem 2011; 12- 21,

Supplementary Information accompanies this paper on European Journal of Human Genetics website (hetp:/fwww.nature.com/ejhg)

wm

Ewopean Journal of Human Genetics



50

4. ARTICLE PUBLISHED IN THE JOURNAL NEUROLOGY: GENETICS

Nicolas G, Sanchez-Contreras M,Ramos EM, Lemos RR,_Ferreira J, Moura D,
Sobrido MJ, Richard A-C, Lopez AR, Legati A, Deleuze J-F, Boland A, Quenez O,
Krystkowiak P, Favrole P, Geschwind DH, Aran A, Segel R, Levy-Lahad E, Dickson
DW, Coppola G, Rademakers R, Oliveira JRM. (2017) Brain Calcifications and
PCDH12 variants. Neurology: Genetics. 3:e166 DOI 10.1212/NXG.0000000000000166

Online ISSN: 2376-7839



(aagl Micolas, MDD, FhD

Monica Sanchez-
Contreras, MDY, PRLY

Eliana Marisa Bamos,
PFh

Roherma B Lemaos, PhD

Joana Ferreira, Ph2

Dienis Moura, B5c

Mana |. Schrido, MD,
PFh

AnneClatre Richard, BSc

Alma Rosa Loper, BSc

Andrea Legan, FhlD

Jean-Frangnis Deleuze,
MDD, M

Anne Baland, Pharml3,
PFh

(liveer Chuenez, M5

Pierre Krysdoowiak, MDD,
PFh

Pascal Favrole, M

Dranid H. Geschwind,
MDD, M

Adi Aran, MD

Heeval Segel, MDD

Ephrar Levy-Lahad, MD

Diennis W', Dickson, MD

Griovanni Coppala, MD

Fesa Rademakers, PhD

Joio B_M. de Olveim,
MDD, M

Comespendence m
D, da (Havira:

Supplemental data
at Heurology.orging

Brain calcifications and PCDH 12 variants

OFEN

ABSTRACT

Objective: To assess the potential connection between PCOH1Z and brain calcifications in
a patient carmying a homazygous nonsense variant in PCOHLZ and in adult patients with brain
calcifications.

Methods We performed & CT scan in 1 child with a homozygous PCOHL 2 nonsense variant. We
scresned DMA samples from 53 patients with primary familial brain calcification [PFEC) and 26
patients with brain calcification of unknowsn cause [BCUC).

Resulis: We identified brain calcifications in subcortical and perithalamic regions in the patisnt
wiith & homozygous PCOH1 2 nonsense variant. The calcification pattern was different from what
h&s besn observed in PFBC and more similar to what is described ininutero infections. In patients
with PFEC or BCULC, we found no protein-truncating variant and 3 rare iminaor sllels frequency
«0.001) PCDOH12 predicted damaging missense heterozygous variants in 3 wrrelsted patients,
albeit with no segregstion data availabls.

Condusions: Brain calcifications should be added to the phenotypic spectrum associated with
PCOH12 biallelic loss of function, in the context of severe cerebral developmental sbnormalities.
A putative role for PCOHLZ variants remains to be determined in PFBC. Newol Genet 2017:3:
e166; doi: 100121 WX G.0000000000000166

GLOSSARY
BCUC = brain calcFication of unknown causs; ExAC = Exorme Agoregation Consortium; PRBC = primary familial brain calodication

A homozygous nonsense ACOH 12 variane has recently been reported in consanguineous fam-
ilies, where the affected children had congenital microcephaly, epilepsy, and profound global
developmental disabiliry.” Feral MEI and USG showed dysplastic dongated masses in the
midbrmin-hypothalamus-opric macr area and hyperechogenic perithalamic foci. PCOHT2 enc-
odes a protocadherin associared with membrane physical stability, adhesion, and vascularure
maintenance and has recently been poinred our as a candidare gene for primary familial brain
calcificarion (PFBEC). PFBC is characrerized by the presence of calcificarions affecring primarily
the basal ganglia, in the absence of secondary cause.* Clinical manifesrarions include movement
disorders, cognirive impairment, psychiarric disrurbances, and headache, most frequentdly begin-
ning during adulthood ** Heterozygous variants causing aurosomal dominant PFBC in up
0% of the families were identified in 4 genes: SLC2042, PDGFERE, PDGEE, and XPRIS We
previously searched for genes wirh a cerebral expression parrern similar to the PFBC major
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causarive gene SLC20A2 using the Allen Brain
Adas (brain-map.org/),™'® observing a higher
SLC20A2 expression in regions affected by
calcifications in PFBC. PCDHI2 was singled
out with the highest significant correlarion,'®
and a follow-up analysis with additional brains
stll shows PCDH 12 as the most similar par-
tern 1o SLC20A2, even when compared with
the other known PFBC causartive genes (rable
e-1 ar Neurology.org/ng).

To evaluare the porential link berween
PCDHI2 and beain calcifications, (1) we per-
formed a CT scan in a patient reported to carry
a homozygous nonsense PCDH12 vanant and
(2) we screened DNA samples from patients
with PFBC or brain cldfications of unknown
cause (BCUCQ).

METHODS CT imaging in PCDHI2 homsozygous varkaat
carriens. In the ceggirad repors, p weath vy xi ‘

prowth setedution, sovere micnocepluly, vl impazment, dyito-
nia, cpikguy, aed peofound developosenead doability wese shown
to cary & FCDHIZ c995T>A, pREIIX bomanygon vartent.'
Thas vatisnt is comidesed 10 be pathagenac when carried 2 the
homarypous state following the American Cellage of Medical
Genetics and Genomics and the Avocation for Molocske
Pathelogy o d Y Beain imaging revealal mid-
besin hypothalinss dysplasia and signaficanm periventricadar
andlce permventricadar hyperechagenicity. Feral USG and MRI

Figure

Brain CT imaging of a patlent carrying the PCOH12 c 995T> A p RE3SX
homozygous variant

(A B) Coronal sections. (C, D) Transversal sections. Spot calcifications affecting perithalamic
regions (white arrows, A-C) and subcortical regions [red arrows, 8, D).
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did mot enable to determine whether theie fod are cventsally
cakifications. Therelore, we performed 2 brain CT' xan in-
indovidual 11-1, fandy B froe the orginad pedigrec!

PCDHI2 screening in paticats with brain caldfication.
We included 3 wtal of 79 workdwide adult caes with beain calaifi-
catioes that were reforred 0 5 comten of expentsie, negatively
screenad for the known PRBC cusative penes (supplamcntal data).
Of these, 53 caies masched the dinical inclusion creria foe PFBC
(detailed provioudy 2 sefarence 3). Badly, thee coes exhibised a1
lesse bilsseral bud ganglia cakeifications and no sccoodary cae.
The romsining 26 puticnts were induded on 3 scuropudhologic
b if they p d mod vere bual paegla cakifics-
tioes. Note that calaifications: abo isvelved ather brain rqpces in
e 2l coies snd that ather cunes of brain akification codd
sot be exdduded in thoe paccess, thereafier ecferred & kaving
BOUC. All pudenes wese screenald foe pathagenic vasiants by
seqquencing all caling cxam of PCDHI2 (rckoroue transcript:
NM_016085.3). Basinformasics prodictaces were pedomed using
direct e %o Polyphen?2 HumDiw® SIFTY and Mutston
Tater' ook, and the minar sllde Beguency (MAF) was chockad
# the Excese Aggregation Conscetium (ExAC) webnite socesal in
Augest 2016 {exc beoadnstiture oegf)." Detadad inchusion aze
i and sequencing mothods e provalad & wpplemental dea.

Stndard protocol approvals, registratons, and patiem
consents. All puticnes provadad written informed conent
penctic analvics.

RESULTS CT of 2 PCDH 12 homozygous varisat carrier.
CT is the reference imaging to denrify bram cakifica-
ton, so we used it o determine the nature of the
hyperechogenic foa sdentified in 2 patent wath
a homazygous nonsense p.R839X PCDHI2 vanant.!
We idensfied spors of penthabmic calcificanon
located in the postenior arms of the internal capsules
and in juxtacortcal nght whise marrer (figure).

PCDHI2 screening in patients with brain caldfication.
As we provided evidence that PCDHI2 bialldic loss
of funcon is associased with brain claficanon and
given the high level of coexpression with the PFBC
major causative gene SLC20A2, we next screened this
gene in a group of patients wish PFBC or BCUC.
Among the 79 patients with PFBC or BCUC, we did
not identify any prosein-truncaring varant (nonsense,
splice site, or fameshift insertion/deletion). Howe
ever, we detected 4 rare (MAF <0.001 in ExAQ)
heterozygous PCOHI2 massense vanants in 4 unre-
bred patents: c.163C>G, p.(R55G): c440G>T,
pS1471); c.995T>A. p.(1332N); and c.3271G>A,
p{G10915) (eable 1). Three were predicted damag-
ing by at least 1 in silico wel, while vanant p.R55G
was predacred benign by all 3 wols.

The c440G>T, p.(S1471) vaniane had an MAF of
2.5¢-05 in the ExAC darabase and was exclusively
found in 3 individuals with the same ancestry as the
patient (classified in ExAC as European none-
Finnish). Two of the 3 in slxo tools (Mutaton
Taster and Polyphen2 HumDiv, but not SIFT) pre-
dixczed a damagang effect for this change to the protein
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[ Table 1 Aare FCOHLZ variants identifled in a serles of 78 patients with PFBC or BCLC
Probin ExAC BFT PalyphanZ HumDiv Wtition Taster
ehr5:14133 7254 e1E3CmG pIRSEG] G.1e04 Teolirutad Barigr Pedyrriar phiiim =10d
chr5:141336077 e 44050T pE147H 2505 Teolirutad Peisibly daraging™ Dissbiciin cinsing” 214
ehr5:141 336432 EHISTeA plZ32N] 104 Daalitirious® Probably damiging” Dissiichin cinsirng” 448"
ehr5:141 335230 EAZTIGmA pE10515) 3 3e05 Dalitirious” Probably damiging” Dieairin Cinsireg” 483

Mbbreviations: BCIUC = brain calcification of unknown cause; cOMA = complementary DH&; ExAC = Exoma Aggregation Consortivm; PFEC = primany
farnilial brain cakdfication.

* Apocession numben M 0180883

BExAL minor alldks freguency assessed in fuguss 201619

Syalues are above each threshold.

funcrion. DMNA from relatives was not available for
segregation analysiz. This varane 5 located in the
second  cadbenn wandem repear domamn {(EC3)
(MCBl accession cd11304) and, therefore, could
affecy homophilic adhesive behavior and caloums
dependent cell adhesson. '

The c995T>A, p332N)} and cIITIGHA,
p-IG10915) vamanes are both predicred damaging by
all 3 in silsco took. The pI33ZM vanant was
with an overall MAF of 00001 in ExAC, found in 12
irsdvicuals of Eass Asian ancestry (the padent was bom
in Southeastern Asia) and 1 mndividual of Enropean
nomeFinnish ancestry. The p.GL0Y15 vanant has an
overall MAF of 3.3e«0%, found in 1 indivadual of
European non=Finnish ancestry (same as the panent)
and 3 indiveduals of South Asian ancestry. DMA from
relasrves was not available for ssgregason analysis of
any varans. Vanant p 332N i alo bocared inoa cad-
henn mndem repeat domaimn rLung'l].' EC3. However,
p-G1OA1S varians is locared in a highly conserved ste
in the cyoplismic domain, which has a unigque
sexjuence ameng, the cadhenn Gmily. Unlike the other
cadherins, the cytoplasmic domain of PCDOH12 does
niow interact with catendns, and it is imvolved in cellular
prnnmﬂ-utltrl:h.:nnd] i1.u1-:rin|:|,:|.1.|.:|1 ur-:gulﬂinn
of gene expresion and sgnaling pathways"? Clinical
derails of all 3 predscied damiaging vanans carniers are
provided in the supplemenal dac.

DISCUSSION We show here thar o homozygous
nonsense AOOH T2 varant, derecred in padents with
severe developmental delay and mi:mn:]:ha.l].-.' Iz
asmociared with brin clohoatons. This feature
shauld therefore be added o the phenoypec spece
vrum of this rare disorder. The pamem of calafica-
nons is, however, different from the oypical findings
in PFBC, where calafications abways affect ar beast
hath F:]liﬂlun," and resembled o those observed in
various neuroinfections prenasal conditions, such as
TORCH infecsons.™ Brain calcihication is a haghly
infommarive fearure on brain il:nn.g:ing af chibdren with
neurodevelopmental disorders.'® Alchough CT i the

reference imaging tool for devecting and assessing cal-
cificarsons, MR is the prmary imaging ool for the
detection of all other brain abnommaliies in the
absence of mdiaton. T2* or suscepubalmyeweighted
images increase the diagnostic performance of MEI
for calcification compared with the other sequences.
However, they can sometimes miss small calcifica-
wons, and they are mill complemenzary wach CT o
describe precise shape and intensity and w definicely
conclude on the differential idennficanon with iron
deposics."™™® In our pasent, neither T2® noc
suscepoibaliny-weighted images were available.

In the onginal repor, the efficency of nonsense-
miediared decay has been measured a5 4%, suggesing
a mrong ks af funcmon. The pasens camryng the non-
EmﬁqﬂHffnﬁmthahum}guummqrnm
express lictke amount of the tuncared procen, but no
full-length MCDH 12 This supports the hypathesis thar
loss of funcion of PCDH12 & the mechanzsm leading
to the pasient’s phenosype, induding brain caloificason.

Ina candsdate gene approach, we searched for rare
PO 2 varianes i PFBC and BOUC passents and
found mo proteinstruncatng vananis. Three herero-
Tygous missense varansz, prediced damaging by ax
h.wnn:nfﬂurnn]s,mihnriﬁadhlpn:l:nu
with PFBC and 1 patiens wich BCUC. Grven the o
thar hialldic loss of PCOHETZ funchion leads
a severe neurodevelopmental phenotype, it is unlikely
thar these vamants have a dominant-negaove effect.
However, as they are massense vanants, thar pucative
effect on protein funcoon s hard o predicr, and i
remains passthle that they are responsble for loss of
funcoon, gain of function, or have 2 newral effecs on
protein funcrion. The frequencies of theses varans in
the pasienss’ respectove populitions as emimated in
ExAC are not inconsstent with a causarive effect. as
they are in the same fequency ranges as other disease-
CAUSENG variants in SLe2n428 Because nexher segrega-
non mae fancrional dara are avaskble, iv is not possble
to concude abour therr pathogensciry ar chas sage.

Besides PFBC, brain clcificanons can be derecred
i other numerous deonce condisons, such as

Maurnlogy: Ganatics 3
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systemic phosphocalcac metabolism disorders of in-
hented or acquired cause, in utero or pastmatal infec
and other mre inhented diseases™ Caafications are
believed to be related o increased typesl interferon
response m both in utero vl infectons and intesfero-
nopathies.™ Several of these dlinical presentations,
mclading TORCH in wero infections and rypical
observed in the ACDH 12 homeozygpus carniess. In other
conditions, mutations in OCIN and JAM3 genes, en-
coding endochelial cdll adhesion proteins, result m macro-
angiopathy assocuted with clabcmsons. *** Given the
known function of PCDHI12, we postulase thar simalas
mechanisms could be assoqared with the calcfications
observed in the ACDH 12 homorygous loss-of-funcrion
carners.

PCDHI12 is a protocadhenin associated with
membrane physcal stabilty and adhesion®® A
Pedhi2 knockour mouse model revealed several
age-independent vessel impairments, such as rami-
fications of medial elastic lamellae and increased
inner diameter and arcumferenaal  midewall
stress.® PCDHI2 has been widely studied as
a key-player cadherin involved in placental mainte-
nance and also a preeclampsia biomarker; however,
little is known about its involvement in brain phys-
sology. It is conceivable that mutations in PCDHI12
and SLC20A2, which share similar expression pat-
terns in the brain, might lead ro similar phenotypes.
Of interest, $&20a2 knockout mice developed not
only bran calcifications bur also feral growth
restriction, lower birth vaability, and placental cal-
cfication associated with thickened basement
membranes.¥ In both mouse models, the placental
phenotype and the vascular impairment are addi-
vional putative links between SLC20A2 and
PCDH12, which deserve additional studies on
mouse models.

PCDH 12 biallelic loss of function causes a severe
neurodevelopmental phenotype associated with brain
PCDHI2 vanants were sdenufied in patients with
PFBC or BCUC here, but whether they are associated
with brain ckifiction or not remains to be deter-
mined. To address this question, follow-up studies
will be necessary induding screening other series, as-
sessing the segregatson of rare vanants and funcuional
consequences.
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5. GENERAL RESULTS AND DISCUSSION

5.1. SEQUENCING OF PBC CANDIDATE GENES

The coding region of the four genes associated with PBC was sequenced in 15
Brazilian patients (6 male and 9 female). This comprises SLC20A2 exons 2 to 11
(NM_006749.4, MIM:158378), XPR1 exons 1 to 15 (NM_004736.3, MIM:605237),
PDGFB exons 1 to 6 (NM_002608.2, MIM:190040) and PDGFRB exons 2 to 23
(NM_002609.3, MIM:173410). The whole set of coding reference sequence variants
found by this work is resumed in Table 1.

Regarding these genes, only one novel variant was found, which was the first
SLC20A2 de novo mutation confirmed in a patient with brain calcifications, migraine
and hypovitaminosis D (NM_006749.4.¢.1158C>G, NP_006740.1: p.Y386™*; for details
of this case please see Ferreira et al. 2014 at section 7 of this thesis). This non-sense
variation codes a premature stop codon (PTC), resulting in a putative truncated protein
with 385 amino acids instead of 652. At the time of this finding, we suggested that the
hypovitaminosis D was most likely a comorbidity because this condition has not been
observed in previous PBC patients with SLC20A2 variants, and that occasional future
reports might enlighten this question. In fact, another non-sense mutation in the same
position (NM_006749.4:¢c.1158C>A, NP_006740.1: p.Y386*) was found in two
unrelated French PBC patients in 2015, both with normal vitamin D levels and at least
one of them with migraine (Gaél NICOLAS, personal communication), thus enforcing
the comorbidity aspect of the hypovitaminosis D in the Brazilian patient.

SLC20A2 coding region and exon/intron boundaries showed the least number of
variation among all eight genes screened. Besides the de novo nonsense mutation above
mentioned, only three other mutations were observed, each in a different patient: a
synonymous mutation in exon 3 (c.345G>A, p.T115, rs34124953), an intronic mutation
between exons 5 and 6 (¢.614-93G>A, rs188779206), and a missense mutation in exon
7 (c.910G>A, p.Gly304Ser, rs73675069). Although there is no MAF available for the
intronic variant, both coding variants have a MAF of ~5%, which is higher than the
cutoff for rare variants and corresponds to a polymorphism frequency. These three
variants have been predicted in general as having no effect in SLC20A2 function by
Provean, SIFT, PolyPhen2 and/or MutationTaster2 (MT) online prediction tools.
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Surprisingly, only the synonymous mutation in exon 3 had a controversial
prediction as disease-causing by MutationTaster2 while PolyPhen2 and Provean/SIFT
considered it as benign and tolerated, respectively. This contradiction might be due to
MT has been designed specifically to aid the identification of rare variants with severe
impact, and it is more stringent than the other tools when it automatically assigns a
specific model by mutation type®. There is one prediction model specific for intronic
and synonymous mutations, one for single amino acid changes and one for complex
amino acid alterations such as mutations introducing a premature stop codon. When the
four above-mentioned online tools were compared regarding single amino acid changes,
MT was shown to be the most accurate according to Schwarz et al. (2014). MT is also
presents higher sensitivity then specificity, which means that it generally rather risk
false positives than miss any true positives.

For XPR1 gene, on the other hand, variants were detected in all 8 screened
patients — the others had already been analyzed and excluded for XPR1 mutations by
Legati et al. (2015). Three patients presented one different synonymous mutations each:
one in exon 4 (NM_004736.3:¢.408T>C, NP_004727.2:p.Ser136, rs12078050), one in
exon 9 (c.1128A>G, p.Lys376, rs35706835), and one in exon 10 (c.1158C>T,
p.Phe386, rs61742073). All were predicted to be polymorphic and to have no effects in
function. The majority of the variants were intronic, and although some were predicted
to change splicing site, none was predicted as disease-causing and most were
polymorphisms with MAF above the 2% cutoff.

Regarding de platelet-derived growth factor family, the receptors' genes
presented more coding variants predicted to be polymorphisms than the binding-factors'
genes. Both the PBC-associated PDGFRB and its homologue PDGFRA presented
numerous synonymous and missense mutations shared among two or more patients,
reflecting the high MAF of these variants. Among the binding-factors, the PBC-
associated PDGFB was the most conserved with no coding mutations detected and
presented only four intronic, non-affecting variants with high MAF observed in most
patients. PDGFA presented three intronic variants with the same characteristics, and
only two patients bearing one coding, synonymous variant (NM_002607.5:¢.207T>C,;
NP_002598.4:p.His69, rs1129401) with a high MAF of ~25%. For PDGFC, only two
variants  were  found, one synonymous (NM_016205.2: ¢.1032A>G,
NP_057289.1:p.Gly344, rs3815861) observed in four patients and an intronic detected
in only one patient, both with high MAF and non-affecting predictions.
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PDGFD was the less conserved among the three binding-factors' genes. The
sequencing of the 14 patients revealed three coding variants located in the terminal exon
7 and seven intronic mutations dispersed through exons 2, 4, 5 and 7. The synonymous
polymorphism (NM_025208.4:¢.1080T>C, NP_079484.1:p.Cys360, rs10791649)
reflected its MAF of 47% and was observed in 8 patients. One missense mutation, in the
exon 4, was detected in one patient (c.568A>G, p.lle190Val, rs35045740) and had a
MAF of 3%. However, the other missense variant, located in the terminal exon 7
(c.1081G>A, p.Asp361Asn, rs146343067), also detected in only one patient, had no
MAF available in the online databases and was predicted as affecting gene function:
disease causing by MT, and problably or possibly damaging by PolyPhen2 (HumVar
and HumDiv algorithms, respectively). According to Hoch et al. (2003), the PDGF-D
peptide only forms homodimers PDGF-DD and only binds to a receptor with a PDGFR-
B unity, either the homodimer PDGFR-Bf or the heterodimer PDGFR-af3. In fact,
Bergsten et al. (2001) affirmed that PDGF-DD homodimer needs the formation of four
disulfide bonds, one of them envolves cysteine in position 362. The amino acid change
in position 361 resultant from this variation might cause the lost of this disulfide bond
and affect negatively PDGF-DD function, as predicted by MT analysis.

Interestingly, the patient bearing this variation differed of the others in
presenting no other mutation in the PDGFD coding region. Consistently, PDGFRB
gene sequence in this patient presented few variants: two synonymous (rs246395 and
rs246388) and one intronic (rs246391) polymorphisms, all with MAF >20%. The fact
that PDGFD final product interacts only with the final product of a PBC-associated
gene might point to a possible role in brain calcification formation.

Primary brain calcifications seems to segregate by the patient's mother family
side. Not only his mother has CT scan positive for calcifications in the basal ganglia,
but also one male and one female cousins as well as an aunt. Sequencing the region of
this mutation in the family is needed in order to confirm or not the role of PDGFD in
the formation of PBC.

5.2. SLC20A2 QMPSF

QMPSF is a method very sensitive in the detection of duplications and deletions,
based on the simultaneous amplification of multiple DNA fragments by fluorescent-
labeled primer pairs used under quantitative conditions, as defined by Charbonnier et al.
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(2000). After the screening of twenty-two Brazilian patients with brain calcifications for
SLC20A2 exons' deletions and duplications by QMPSF, only one patient was positive
for a partial copy number variation, showing a duplication of the terminal exon 11
(Figure 2).

This patient is 31 years old, male, has hipovitaminosis D and
hyperparathyroidism. Since hyperparathyroidism is a known cause of brain
calcifications according to Manyam (2005), the basal ganglia calcification observed in
this case could be secondary to this condition. Therefore, this is probably not a PBC
case.

Exon duplications in genes related to neurogenerative diseases have been
reported, such as SNCA exons 3 and 4 for Parkinson's disease reported by Ibafez et al.
(2004), and APP exons 1, 7 and 18 for autosomal dominant early-onset Alzheimer
disease as reported by Rovelet-Lecrux et al. (2006). Considering that the duplication is
disrupting the gene and consequently affecting negatively its function, the gene
breaking point was searched. The first step was to better estimate the extension of this
duplication, and a second QMPSF reaction was designed. Three target regions near
SLC20A2 exon 11 were added: VDAC3, the gene nearest to SLC20A2 exon 11; VDAC3
and SLC20AZ2 intergenic region; and SLC20A2 intron 10 (located between exons 10 and
11). Again, only SLC20A2 exon 11 was duplicated (Figure 3). This narrowed the
searching area to a 5kb region between SLC20A2 intron 10 amplicon and exon 11.

Assuming that the duplication is in tandem and inverted, new sequencing
primers were designed, all in the foward sense. They were used in different
combinations to perform PCR in DNA samples from both the patient and a control.
Hypothetically, the PCR would only work for breaking point region, because then one
primer would anneal to the inverted sequence and play the role of a reverse primer.
Although PCR agarose gel bands exclusive for the patient have been obtained, their
sequencing was inconclusive.

Recently, we extracted DNA from new blood samples not only from this patient
but also from his parents. A second SLC20A2 QMPSF screening in this new DNA
samples will permit to confirm the duplication in the patient and to verify whether it is

segregating in the family.

Figure 2. QMPSF electropherogram profile for SLC20A2 gene in a patient with exon 11 duplication. The

profiles are shown in red for the patient and in blue for the control DNA.
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Figure 3. QMPSF electropherogram profile specific for the investigation of SLC20A2 exon 11

duplication. In this case, the control gene utilized was DCOHM. The profiles are shown in red for the

patient and in blue for the control DNA.
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Table 1. Coding variants of PBC associated and candidate genes detected by Sanger Sequencing in
Brazilian patients. The global minor allele frequency (MAF) was obtained from dbSNP online database;
the total of alleles’ sequences is shown in parenthesis. The Local Frequency shows the number of patients
bearing the variant in relation to the number of patients screened for a given gene.

Gene Variants? Exon  Bioinformatic MAF Local
Prediction Frequency
SLC20A2 .345G>A 3 Controversial® 0.5% 1/15
p.T115 (26)
rs34124953
c.910G>A 7 No effect 5.2% 1/15
p.Gly304Ser (261)
rs73675069
c.1158C>G 8 Disease causing N/A° 1/15
p.Tyr386*
XPR1 c.408T>C 4 No effect 5.1% 1/8
p.Serl36 (258)
rs12078050
c.1128A>G 9 No effect 1.3% 1/8
p.Lys376 (65)
rs35706835
c.1158C>T 10 No effect 5.1% 1/8
p.Phe386 (258)
rs61742073
PDGFRB C.85A>T 3 No effect 9.8% 1/14
p.1le29Phe (491)
rs17110944
c.1033C>T 7 No effect 45.7% 1/14
p.Pro345Ser (496)
rs2229558
¢.1149G>C 8 Controversial® 0.5% 1/14
p.Leu383 (24)
rs2228439
c.1453G>A 10 No effect 1.1% 3/14
p.Glu485Lys (54)
rs41287110
c.1391C>T 10 No effect 2.8% 1/14
p.Thrd64Met (138)
rs74943037

# RefSeq: NM_006749.4 and NP_006740.1 (SLC20A2), NM_004736.3 and NP_004727.2 (XPR1),

NM_002609.3 and NP_002600.1 (PDGFRB).
® Considered disease causing only by MutationTaster2.

® N/A: Not available.
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Table 1. (Continuation).

Gene Variants? Exon  Bioinformatic MAF Local
Prediction Frequency
PDGFRB c.1854G>A 13 No effect 1.8% 1/14
p.Thr618 (92)
rs56072663
C.2601A>G 19 No effect 23.6% 10/14
p.Leu867 (1184)
rs246395
¢.3090C>T 22 No effect 6.2% 3/14
p.Pro1030 (310)
rs2228440
€.3252A>G 23 No effect 28.3% 11/14
p.Pro1084 (1429)
rs246388
€.3270G>A 23 No effect N/A° 1/14
p.Pro1090
rs183852315
PDGFRA c.201C>T 3 No effect 0.3% 1/14
p.Ser67 (14)
rs35805947
€.612T>C 4 No effect 23.6% 3/14
Asn204 (1183)
rs2229307
€.939T>G 7 No effect 23.4% 4/14
p.Gly313 (1173)
rs4358459
c.1432T>C 10 No effect 19.9% 3/14
p.Ser478Pro (998)
rs35597368
c.1701A>G 12 No effect 4.2% 2/14
p.Pro567 (212)
rs1873778
c.1809G>A 13 No effect 22.8% 2/14
p.Ala603 (1142)
rs10028020
C.2472C>T 18 No effect 24.0% 2/14
p.Val824 (1204)
rs2228230

# RefSeq: NM_002609.3 and NP_002600.1 (PDGFRB), NM_006206.4 and NP_006197.1 (PDGFRA)
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Table 1. (Continuation) .

Gene Variants? Exon Bioinformatic MAF Local
Prediction Frequency
PDGFRA €.3222T>C 23 No effect 0.3% 2/14
p.Aspl074 (14)
rs7685117
PDGFA c.207T>C 3 No effect 24.8% 2/14
p.His69 (1244)
rs1129401
PDGFC c.1032A>G 7 No effect 18.1% 5/14
p.Gly344 (394)
rs3815861
PDGFD c.568A>G 4 No effect 3.3% 1/14
p.lle190Val (165)
rs35045740
¢.1080T>G 7 No effect 46.1% 8/14
p.Cys360 (2311)
rs10791649
c.1081G>A 7 Disease causing N/A® 1/14
p.Asp361Asn
rs146343067

T RefSeq: NP_006197.1 (PDGFRA), NM_002607.5 and NP_002598.4 (PDGFA), NM_016205.2 and
NP_057289.1 (PDGFC), NM_025208.4 and NP_079484.1 (PDGFD)

° N/A: Not available

Source: The Author (2016).
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6. CONCLUSIONS

PBC is a rare disease, often silent during its early stages, with heterogeneous
signals and symptoms which hinders its diagnosis. Non-invasive and highly sensitive
techniques, such as the utilized in this thesis, will permit an earlier diagnosis at least for
familial cases.

The nonsense variant found in SLC20A2 exon 8 was the first de novo mutation
described for this gene. Together the two other French cases in the same position, it not
only reinforces the role of this gene but also shows the importance of this exon for PBC
onset and diagnosis.

Partial CNVs, even deletions or duplications of only one exon, also plays a
causative role in PBC. Techniques efficient in their detection should be included in the
initial steps of standard screening for PBC genetic variants along with Sanger
sequencing of candidate genes' coding region.

One of these techniques is the QMPSF reaction designed here for SLC20A2,
whose have been successful in screening deletions and duplications in multiplex. Thus,
it is now possible to screen all SLC20A2 exons simultaneously in one QMPSF reaction.
The design of QMPSF reactions for the other PBC-genes might contribute to achieve a
more time and cost efficient diagnosis.

The analyses performed in this thesis shows the relevance of both the search of
new candidate genes and the screening of already associated genes. Therefore,
investments in both fronts will aid a better comprehension of PBC manisfestation.
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